AWARD  NUMBER:  W81 XWH-1 4-1  -0575 


TITLE:  Developing  Novel  Therapeutics  Targeting  Undifferentiated  and  Castration- 
Resistant  Prostate  Cancer  Stem  Cells 


PRINCIPAL  INVESTIGATOR:  Dean  G.  Tang,  M.D.,  Ph.D. 


CONTRACTING  ORGANIZATION:  University  of  Texas  MD  Anderson  Cancer  Center 

Houston,  TX  77030 


REPORT  DATE:  October  2016 


TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1.  REPORT  DATE 

October  2016 

2.  REPORT  TYPE 

Annual 

3.  DATES  COVERED 

29  Sep  2015  -  28  Sep  2016 

4.  TITLE  AND  SUBTITLE 

Developing  Novel  Therapeutics  Targeting  Undifferentiated 
and  Castration-Resistant  Prostate  Cancer  Stem  Cells 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

W81XWH- 14- 1-0575 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Dean  G.  Tang,  M.D.,  Ph.D. 

E-Mail:  dean.tang@roswellpark.org 

5d.  PROJECT  NUMBER 

0010505047 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

University  of  Texas  MD 

Anderson  Cancer  Center 

Houston,  TX  77030 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

The  main  objective  of  this  DOD-supported  project  is  to  identify  and  develop  novel  therapeutics  to  target  the 
undifferentiated  (PSA-/lo) ,  castration-resistant  PCSCs.  We  proposed  to  achieve  this  objective  with  two 

Specific  Aims:  1)  To  perform  phage  display  library  (PDL)  screening  in  PSA-/I0  PCa  cells  to  identify  PCSC- 
specific  homing  peptides;  and  2)  To  perform  unbiased  drug  library  screening  to  identify  novel  PCSC -targe ting 
chemicals . 

In  the  past  year,  we  have  accomplished  all  goals  in  Aim  2  with  a  comprehensive  publication  in  Oncotarget.  We 
have  also  made  some  progress  for  Specific  Aim  1.  Dr.  Tang,  the  PI  of  this  grant,  together  with  most  lab 
members,  moved  from  the  M.D  Anderson  Cancer  Center  (MDACC)  to  Roswell  Park  Cancer  Institute  (RPCI)  on  June  1 
of  2016.  During  the  period  of  May  1  -  early  July  of  2016,  the  lab  had  been  mostly  focused  on  moving  related 
matters  and  therefore  there  was  a  gap  in  executing  experiments  related  to  this  project.  In  the  last  year  of 
the  grant  period,  we  request  the  transfer  of  the  remaining  balance  for  this  grant  to  the  RPCI  in  order  to 
complete  all  goals  proposed  in  Aim  1. 

15.  SUBJECT  TERMS 

None  listed 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

Unclassified 

38 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Unclassified 


Unclassified 


Unclassified 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Page 


Introduction .  4 

Body .  4 

Conclusions .  5 

Impact .  6 

Reportable  Outcomes .  6 

Appendices .  9 


1.  INTRODUCTION:  The  main  goal  of  this  project  is  to  identify  and  develop  novel 
therapeutics  to  target  phenotypically  undifferentiated  (i.e.,  PSA"/l0)  and  castration-resistant 
prostate  cancer  stem  cells  (PCSCs).  We  initially  proposed  two  Specific  Aims: 

1)  To  perform  phage  display  library  (PDL)  screening  in  PSA/l0  PCa  cells  to  identify  PCSC- 
specific  homing  peptides;  and 

2)  To  perform  unbiased  drug  library  screening  to  identify  novel  PCSC-targeting  chemicals. 

2.  KEYWORDS:  Prostate  cancer;  stem  cells;  cancer  stem  cells;  prostate  cancer  stem  cells 


3.  ACCOMPLISHMENTS: 

Major  Goals  of  the  Project  (SOW): 

Aim  1:  To  perform  phage  display  library  (PDL)  screening  in  PSA'10  PCa  cells  to  identify  PCSC- 
specific  homing  peptides  (40%  efforts;  months  1  -  36). 

The  main  goal  of  this  Aim  is  to  1)  validate  the  preferential  binding  of  the  JRM1/JRM2  peptides  to  multiple 
PSA'/l0  PCa  cell  subpopulations,  2)  determine  the  preferential  PSA'/l0  cell-killing  effects  of  JRM1/JRM2- 
DTA  conjugates,  and  3)  extend  the  PDL  screening  to  the  LAPC9  xenograft  system. 

A) .  ‘Competitive’  PDL  screening  to  identify  JRM1  peptide. 

B) .  ‘Indirect  Subtraction’  screening  to  identify  JRM2  peptide. 

C) .  ‘Direct  Subtraction’  screening. 

D) .  To  test  the  toxicity  of  JRM  peptides  towards  undifferentiated  PCa/HPCa  cells  in  vitro  and  in  vivo. 

E) .  Taking  the  PDL  screening  to  xenograft  systems. 

Specific  Aim  2:  To  perform  unbiased  drug  library  screening  to  identify  novel  PCSC-targeting 
chemicals  (60%  efforts;  months  1-36) 

The  main  goal  of  this  Aim  is  to  identify  chemical  entities  that  can  selectively  or  preferentially  kill 
undifferentiated  castration-resistant  PCa  cells. 

A) .  To  corroborate,  refine,  and  further  validate  the  earlier  “Candidate  Library”  screening  results. 

B) .  To  perform  drug  screening  in  US  Drug  Collection  that  contains  ~1 ,270  clinically  used  drugs. 

C) .  To  perform  screening  experiments  using  LNCaP-CRPC  against  the  “Protein  Kinase  Inhibitor 

Collection”  (PKIC). 

Dr.  Tang,  the  PI  of  this  grant,  together  with  most  lab  members,  moved  from  the  M.D  Anderson  Cancer 
Center  (MDACC)  to  Roswell  Park  Cancer  Institute  (RPCI)  on  June  1  of  2016.  During  the  period  of  May  1 
-  early  July  of  2016,  the  lab  had  been  mostly  focused  on  moving  related  matters  and  therefore  there  was 
a  gap  in  executing  experiments  related  to  this  project.  We  have  by  now  finished  all  goals  proposed  in 
Aim  2  with  one  major  publication  in  ONCOTARGET.  We  have  also  accomplished  some  goals  in  Aim  1.  In 
the  last  year  of  the  grant  period,  we  request  the  transfer  of  the  remaining  balance  for  this  grant  to  the 
RPCI  in  order  to  complete  all  goals  proposed  in  Aim  1 . 
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What  was  accomplished  under  these  goals: 

A.  Accomplishment  of  some  goals  in  Aim  1. 

See  last  year’s  Progress  Report. 

B.  Accomplishment  of  ALL  goals  in  Aim  2. 

By  now  we  have  completed  this  Aim.  All  results  have  been  summarized  in  a  major  publication  in 
ONCOTARGET  (Rycai  K  et  al.,  Oncotargei  7,  14220-14440,  2016:  see  Product  #6,  below)  that 
contains  8  main  Figures,  1  Table,  6  Supplementary  figures,  and  3  Supplementary  tables.  The 
main  results  and  conclusions  are  briefly  recapitulated  as  follows. 

1) .  Chronic  treatment  of  LNCaP  cells  with  3  different  castration  regimens  led  to  castration- 

resistant  LNCaP  cells  termed  LNCaP-CRPC  cells  (Figure  1). 

2) .  Remarkably,  LNCaP-CRPC  cells  gradually  lose  the  GFP  reporter  as  well  as  endogenous  AR 

and  PSA,  both  at  the  mRNA  and  protein  levels  (Figure  2  &  3;  Supplementary  Figure  1  &  2). 

3) .  In  contrast,  the  LNCaP-CRPC  cells  acquire  the  expression  of  several  cancer  stem  cell 

markers  (Supplementary  Figure  3). 

4) .  Unlike  the  PSA"/l0  LNCaP  cells  that  pre-exist  in  untreated  cultures,  the  long-term  established 

AR'PSA"  LNCaP-CRPC  cells  proliferate  fast,  as  evidenced  by  both  cell-cycle  profiling  as 
well  as  time  lapse-assisted  single-cell  tracking  (Figure  4). 

5) .  Both  5  month  (Figure  5)  and  10.5-month  (Supplementary  Figure  4)  LNCaP-CRPC  cells 

demonstrated  strong  resistance  to  further  castration,  chemodrugs,  and  prooxidants  but 
showed  partial  sensitivity  to  anti-BCL2  ABT-199  and  several  inhibitors  of  protein  tyrosine 
kinases  including  IGF-1 R. 

6) .  In  support,  detailed  studies  show  that  AR'PSA"  PC3  and  DU145  cells  as  well  as  PSA"/l0 

LNCaP  freshly  purified  from  bulk  cultures  manifested  partial  sensitivities  to  the  IGF-1  R 
inhibitor  AEW541  (Figure  6). 

7) .  Subsequently,  we  performed  high-throughput  screening  against  a  library  of  -740  inhibitors  of 

>140  human  kinases  (Supplementary  Table  3;  Supplementary  Figure  5)  in  LNCaP-CRPC 
cells.  Upon  secondary  and  tertiary  screening  with  the  leads  and  further  validation  with  new 
compounds,  we  identified  the  LNCaP-CRPC  cells  to  be  partially  sensitive  to  inhibitors  of 
CDK4/Cyclin  D1  and  AKT/mTOR.  Importantly,  we  found  that  the  PDGFR  and  Syk  inhibitors 
exhibited  exquisite  killing  effects  on  LNCaP-CRPC  cells  (Figure  7;  Table  1). 

8) .  Finally,  for  the  first  time,  present  evidence  that  long-term  LNCaP-CRPC  cells  display  cyclic 

changes  in  AR  and  PSA  protein  levels,  which  is  likely  linked  to  epigenetic  changes  (Figure 
8;  Supplementary  Figure  6). 

9) .  Taken  together,  our  results  suggest  that  long-term  treatment  of  AR+PSA+  PCa  cells  with 

castration  may  lead  to  epigenetic  changes  resulting  in  AR'PSA"  cells  that  no  longer  respond 
to  traditional  castration  and  chemotherapy.  Nevertheless,  these  CRPC  cells  may  reactivate 
alternate  signaling  pathways  for  their  survival  and  consequently,  targeting  the  novel  bypass 
signaling  pathways  may  re-sensitize  the  CRPC  cells. 


■  What  opportunities  for  training  and  professional  development  has  the  project  provided? 

■  "Nothing  to  Report." 

•  How  were  the  results  disseminated  to  communities  of  interest? 

■  "Nothing  to  Report." 

■  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

In  the  remaining  budget  year,  we  shall  focus  on  several  goals  in  Aim  1 . 

1)  To  test  whether  JRM2  peptide  can  bind  the  PSA"/l0  PCa  cells  in  vivo; 
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2)  The  JRM2  peptide  has  been  conjugated  to  the  (KLAKLAK)2  ‘killer’  peptide,  which  will  be  used  to  test 

its  specific  cytotoxicity  to  the  PSA'/|0  PCa  cells  in  vitro  and  in  vivo; 

3)  We  are  also  attempting  the  PDL  screening  in  vivo  in  a  reporter  tumor  model  (LAPC9); 

4)  We  have  started  characterizing  the  3  new  peptides,  JRM  3-5,  that  were  uncovered  in  similar  PDL 

screenings  in  the  LNCaP  system. 

5)  To  summarize  all  data  for  a  peer-reviewed  publication. 


4.  IMPACT: 

a.  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

For  the  first  time,  we  have  generated  AR'PSA"  LNCaP  cell  sublines  that  are  amenable  for  high- 
throughput  drug  library  screening.  Importantly,  we  have  identified  JRM2  peptide,  and, 
potentially  several  other  peptides,  that  can  specifically  bind  to  the  PSA'/l0  PCa  cells.  These  new 
developments  should  greatly  facilitate  our  functional  characterizations  of  the  CSC-enriched 
PSA"/l0  cells  as  well  as  develop  novel  inhibitors  and  therapeutics  that  can  target  these  cells. 
This  should  in  turn  greatly  impact  the  clinical  management  of  prostate  cancer  patients. 

b.  What  was  the  impact  on  other  disciplines? 

The  basic  principles  uncovered  herein  to  study  PCa  cell  subpopulation  dynamics  and  to 
develop  novel  therapeutics  targeting  the  undifferentiated  CSC  populations  should  be  readily 
applicable  to  other  tumor  systems. 

c.  What  was  the  impact  on  technology  transfer? 

"Nothing  to  Report" 

d.  What  was  the  impact  on  society  beyond  science  and  technology? 

"Nothing  to  Report" 


5.  CHANGES/PROBLEMS:  "Nothing  to  Report" 


6.  PRODUCTS: 

The  current  project  intersects  with  several  other  projects  in  the  lab,  all  of  which  have  a 
common  goal,  i.e.,  to  dissect  PCa  cell  heterogeneity  and  to  elucidate  the  role  of  different 
subpopulations  of  PCa  stem/progenitor  cells  in  tumor  initiation,  maintenance,  progression,  drug 
resistance,  and  metastasis.  The  following  published  manuscripts,  during  the  current  reporting 
period,  have  cited  the  partial  support  of  this  DOD  grant. 

1.  Gong  S,  Li  Q,  Jeter  CR,  Fan  Q,  Tang  DG,  Liu  B.  Regulation  of  NANOG  in  cancer  cells. 

MolCarcinog.  2015  Sep;54(9):679-87.  doi:  10.1002/mc.22340. 

2.  Liu  X,  Chen  X,  Rycaj  K,  Chao  HP,  Deng  Q,  Jeter  C,  Liu  C,  Honorio  S,  Li  H,  Davis  T, 

Suraneni  M,  Laffin  B,  Qin  J,  Li  Q,  Yang  T,  Whitney  P,  Shen  J,  Huang  J,  Tang  DG. 
Systematic  dissection  of  phenotypic,  functional,  and  tumorigenic  heterogeneity  of 
human  prostate  cancer  cells.  Oncotarget  201 5  Sep  15;6(27):23959-86. 
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Interpretations.  Cancer  Res.  2015  Oct  1  ;75(19):4003-1 1 .  doi:  10.1 158/0008-5472. CAN- 
15-0798. 
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ABSTRACT 


We  have  recently  demonstrated  that  the  undifferentiated  PSA_/I°  prostate  cancer 
(PCa)  cell  population  harbors  self-renewing  long-term  tumor-propagating  cells  that 
are  refractory  to  castration,  thus  representing  a  therapeutic  target.  Our  goals  here 
are,  by  using  the  same  lineage-tracing  reporter  system,  to  track  the  dynamic  changes 
of  PSA~/|0  and  PSA+  cells  upon  castration  in  vitro,  investigate  the  molecular  changes 
accompanying  persistent  castration,  and  develop  large  numbers  of  PSA_/I°  PCa  cells 
for  drug  screening.  To  these  ends,  we  treated  LNCaP  cells  infected  with  the  PSAP- 
GFP  reporter  with  three  regimens  of  castration,  i.e.,  CDSS,  CDSS  plus  bicalutamide, 
and  MDV3100  continuously  for  up  to  ~21  months.  We  observed  that  in  the  first  ~7 
months,  castration  led  to  time-dependent  increases  in  PSA~/|D  cells,  loss  of  AR  and 
PSA  expression,  increased  expression  of  cancer  stem  cell  markers,  and  many  other 
molecular  changes.  Meanwhile,  castrated  LNCaP  cells  became  resistant  to  high 
concentrations  of  MDV3100,  chemotherapeutic  drugs,  and  other  agents.  However, 
targeted  and  medium-throughput  library  screening  identified  several  kinase  (e.g., 
IGF-1R,  AKT,  PI3K/mTOR,  Syk,  GSK3)  inhibitors  as  well  as  the  BCL2  inhibitor  that 
could  effectively  sensitize  the  LNCaP-CRPC  cells  to  killing.  Of  interest,  LNCaP  cells 
castrated  for  >7  months  showed  evidence  of  cyclic  changes  in  AR  and  the  mTOR/AKT 
signaling  pathways  potentially  involving  epigenetic  mechanisms.  These  observations 
indicate  that  castration  elicits  numerous  molecular  changes  and  leads  to  enrichment 
of  PSA_/I°  PCa  cells.  The  ability  to  generate  large  numbers  of  PSA~/|Q  PCa  cells  should 
allow  future  high-throughput  screening  to  identify  novel  therapeutics  that  specifically 
target  this  population. 


INTRODUCTION 

Cellular  heterogeneity  represents  a  fundamental 
challenge  to  cancer  treatment.  Human  tumors  manifest 
significant  histo-structural  and  cellular  heterogeneity 


containing  phenotypically  differentiated  and  undiffer¬ 
entiated  subpopulations  of  tumor  cells.  Prostate  cancer 
(PCa)  is  no  exception:  well-differentiated,  low-grade 
tumors  (i.e.,  Gleason  6-7)  contain  glandular  structures 
with  tumor  cells  expressing  differentiation  markers 
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such  as  androgen  receptor  (AR)  and  prostate-specific 
antigen  (PSA).  In  contrast,  poorly  differentiated  PCa 
lacks  glandular  structures  and  differentiated  cells. 
Androgen  signaling  has  been  the  primary  target  for  PCa 
treatment  for  >70  years.  However,  androgen  deprivation 
therapy  (ADT)  only  achieves  short-term  efficacy  due  to 
the  emergence  of  castration-resistant  disease  (CRPC). 
This  may  be  partly  related  to  the  cellular  heterogeneity 
of  prostate  tumors,  in  which  distinct  subpopulations 
of  drug-resistant  tumor  cells  can  survive  ADT  and  then 
repopulate  the  tumor  [1].  Recent  evidence  suggests  that 
the  population  of  PCa  cells  in  untreated  primary  tumors 
that  survive  ADT  may  expresses  little/no  AR  (i.e.,  AR  l<1) 
and  possesses  many  cancer  stem  cell  (CSC)  properties 
[2-4].  Supporting  this  concept  of  prostate  CSCs  (PCSCs) 
is  the  ample  literature  that  indicates  that  untreated  patient 
tumors  contain  a  fraction  of  AR /to  PCa  cells  that  tend  to 
increase  as  tumors  progress  and  especially  upon  treatment 
and  recurrence  [2,  3,  5,  6]. 

Untreated  PCa  also  harbors  PCa  cells  that  lack 
significant  expression  of  PSA  [2,  3],  a  direct  target 
of  AR.  These  PSA_/1°  PCa  cells,  like  AR_/1°  cells,  also 
tend  to  increase  in  advanced  and  recurrent  PCa  [2,  3]. 
Furthermore,  AR  and  PSA  protein  expression  in  PCa  is 
frequently  discordant  with  some  PCa  cells  completely 
lacking  the  expression  of  either  or  both  [2,  3,  5]  Using  a 
lentiviral  PSA  reporter  (i.e.,  PSAP-GFP),  we  were  able  to 
separate  the  PSA_/1°  PCa  cells  from  the  PSA+  counterparts 
to  study  their  distinct  biological  and  tumorigenic 
properties.  We  find  that  the  PSA'710  PCa  cells  are  quiescent, 
refractory  to  stresses  including  androgen  deprivation, 
exhibit  high  clonogenic  potential,  possess  long-term 
tumor-propagating  capacity,  preferentially  express  stem 
cell  genes,  and  can  undergo  asymmetric  division  to 
generate  differentiated  cells.  Important,  the  PSA_/1°  PCa 
cell  population  is  enriched  in  AR-'1"  cells,  resist  castration 
treatment,  and  can  initiate  robust  tumor  development  in 
fully  castrated  mice  [2,  3]. 

The  ultimate  goal  of  our  research  is  to  better 
characterize  and  find  novel  therapeutics  targeting  the 
PSA_/1°  PCSC  pool  [2,  3].  The  PSA_/1°  population  in 
untreated  PCa  cell  cultures  and  reporter  tumors  is 
generally  rare  being  <1-20%  [2,  3].  Also,  when  these  cells 
are  freshly  purified  via  flow  cytometry,  they  are  fragile 
and  not  amenable  to  drug  screening.  To  overcome  these 
limitations  and  to  dynamically  track  the  changes  in  PSA 
lo  and  PSA+  cell  subpopulations  in  response  to  androgen 
deprivation,  here  we  chronically  exposed  LNCaP  cells 
to  3  regimens  of  castration  in  vitro ,  to  mimic  continuous 
treatment  of  patient  prostate  tumors  by  anti-androgens.  We 
report  that  persistent  castration  of  LNCaP  cells  leads  to, 
within  the  first  ~7  months,  the  generation  of  homogenous 
AR-/1q  PSA_/1°  cell  population  that  has  undergone  many 
molecular  changes,  in  addition  to  alterations  in  the  AR 
pathway,  and  is  highly  refractory  to  MDV3 100  and  other 
therapeutic  drugs  but  amenable  for  high  throughput  drug 


screening  and  remains  sensitive  to  BCL2  antagonist  and 
several  kinase  inhibitors. 

RESULTS 

Establishment  of  traceable  LNCaP-CRPC  cells 

LNCaP,  initially  established  from  a  lymph  node 
metastasis  [7,  8],  is  the  most  commonly  used  PCa  cell 
line  and  has  been  widely  utilized  to  derive  sublines  and 
clonal  cultures  to  model  PCa  cell  response  to  androgen 
deprivation  (e.g.,  [9-22]).  All  these  previous  studies 
used  bulk  LNCaP  cells  without  taking  into  account  the 
subpopulation  heterogeneity  [2,  3].  For  example,  regular 
LNCaP  cultures  have  cells  expressing  high  levels  of  AR 
(i.e.,  AR+)  and  PSA  (i.e.,  PSA+)  as  well  as  cells  expressing 
little/no  AR  (i.e.,  AR_/1°)  and  PSA  (PSA_/1°)  [2,  3;  also 
see  Supplementary  Figure  S2,  below].  We  have  recently 
employed  a  lentiviral-based  reporter  system  in  which 
a  PSA  promoter  (PSAP)  drives  GFP  or  RFP  (Figure 
1A;  Supplementary  Figure  SI  A)  to  PROSPECTIVELY 
separate  the  two  lineage-related  subpopulations  (i.e.,  PSA 
and  PSA_/1°)  of  PCa  cells  [2].  Comprehensive  studies 
demonstrate  that  the  phenotypically  undifferentiated 
PSA_/1°  PCa  cell  population  harbors  self-renewing  long¬ 
term  tumor-propagating  cells  that  are  intrinsically  refractory 
to  castration  [2,  3].  In  this  project,  we  first  aim  to  employ 
this  tracing  system  to  longitudinally  track  the  dynamic 
changes  of  the  same  two  subpopulations  of  LNCaP  cells  in 
response  to  chronic  androgen  deprivation  in  vitro. 

LNCaP  cells  regularly  cultured  in  7%  FBS- 
containing  medium  and  infected  with  the  PSAP-GFP 
lentiviral  reporter  (Figure  1A)  contained  5.39  ±  3.18%  ( n 
=  12)  GFP~/k>  cells  (i.e.,  bottom  6-10%  GFP_/1°  population 
on  FACS)  (Figure  IB).  Freshly  purified  GFP  ,0  LNCaP 
cells  expressed  little  AR  or  its  targets  PSA  and  FKBP5, 
analogous  to  the  AR~  PSA  PC3  cells  (Figure  1C).  In 
contrast,  the  corresponding  GFP+  cells  (i.e.,  top  5-10% 
of  GFP-bright  cells  on  FACS)  expressed  all  three 
proteins  (Figure  1C).  Neither  cell  population  expressed 
glucocorticoid  receptor  (GR)  (Figure  1C),  which  was 
recently  reported  to  confer  resistance  to  antiandrogens 
[23].  As  the  PSAP-GFP  lentiviral  system  faithfully  reports 
endogenous  PSA  expression  [2],  in  foregoing  experiments, 
we  often  interchangeably  use  GFP  /GFP  1(1  and  PSA+/ 
PSA_/I°. 

We  infected  LNCaP  cells  with  the  PSAP-GFP  at  a 
multiplicity  of  infection  (MOI)  of  25,  at  which  virtually 
all  cells  were  infected  (Figure  1C;  2).  We  then  treated 
the  infected  LNCaP  cells  with  3  regimens  of  castration: 
charcoal  dextran-stripped  serum  (CDSS),  CDSS  with 
bicalutamide  (10  liM),  and  MDV3100  (Enzalutamide, 
10  pM)  continuously  for  up  to  ~2  years  (Figure  ID), 
which  resulted  in  the  long-term  castration-resistant  LNCaP 
sublines  that  we  termed  LNCaP-CRPC  cells,  i.e.,  LNCaP  - 
CDSS,  LNCaP-CDSS+Bicalutamide,  and  LNCaP-MDV. 
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We  first  characterized  the  overall  growth  kinetics  of  the 
LNCaP-CRPC  sublines  (Figure  1E-1F).  As  shown  in 
Figure  IE,  infected  but  untreated  LNCaP-GFP  (parental) 
cells  exhibited  steady  increases  in  cumulative  population 
doublings  (PDs).  The  3  treated  LNCaP  cell  types  all  grew 


slower  in  the  beginning  and  hit  a  “bump”  or  “crisis”  point 
around  2-3  weeks  when  there  was  little  net  increase  in  PDs 
(Figure  IE;  asterisks).  Then  the  treated  cells  began  to  grow 
with  a  steady  increase  in  PDs,  although  at  slower  paces  than 
the  untreated  LNCaP-GFP  cells  (Figure  IE),  indeed,  after  3 
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Figure  1:  Establishment  of  long-term  LNCaP-CRPC  cells  and  their  overall  growth  kinetics.  A.  The  PSAP-GFP  lentivector, 
in  which  the  GFP  reporter  was  driven  by  a  PSA  promoter  (PSAP).  LTR,  long-terminal  repeat;  GA.  gag  gene;  RRE,  Rev  responsive  element. 
B.  Quantification  of  GFP+  (PSA+)  and  GFP~/l0  (PSA_,1°)  cells  in  freshly  infected,  untreated  LNCaP  cells  (n=12).  C.  Freshly  purified  GFP_,1° 
LNCaP  cells  express  little  AR  or  its  targets  PSA  and  FKBP5.  Shown  on  the  left  are  representative  images  of  bulk  PSA-GFP  infected  (72  h) 
LNCaP  cells  (top  panels),  and  FACS-purified  GFP  and  GFP+  cells  cultured  overnight  (lower  panels).  Original  magnifications,  xlOO.  Shown 
on  the  right  are  WB  (Western  blot)  gel  images  of  the  molecules  indicated  in  freshly  sorted  GFP+,~  LNCaP  cells.  D.  Timeline  for  establishing 
LNCaP-CRPC  sublines.  FACS,  fluorescence-activated  cell  sorting;  WB,  western  blot;  IF,  immunofluorescence  staining.  E.  Population 
doublings  (PDs)  of  LNCaP-GFP  (parental)  and  LNCaP-CRPC  cells  for  up  to  ~250  days.  Cumulative  PDs  were  calculated  using  the 
equation:  PD  =  (Nf/Ni)/2,  where  Nf  is  the  final  cell  count,  and  Ni  is  the  initial  cell  count.  Asterisks  indicate  the  “crisis”  periods  (~2-3  weeks) 
when  there  were  little  net  PD  increases.  The  #  symbols  indicate  the  time  (~4  months)  when  the  LNCaP-CRPC  cultures  started  aggressive 
growth  patterns.  F.  Different  growth  kinetics  of  LNCaP-CRPC  cells  at  3,  10,  or  17  months  in  comparison  to  LNCaP-GFP  cells.  The 
4  types  of  LNCaP  cells  were  plated,  in  quadruplicate,  in  12-well  plates  (5,000  cells/well)  and  viable  cells  were  quantified  using  Trypan  blue 
10  days  post  plating.  G.  MDV3100  induces  cell-cycle  arrest  in  LNCaP  cells.  Histogram  plots  presenting  total  DNA  content  quantification 
in  cells  after  3  weeks  (wks)  of  MDV3 100  (10  pM)  treatment  compared  to  untreated  parental  LNCaP  cells  (top).  A  table  below  displays  cell 
percentages  in  G,,  S  and  G,/M  phases.  H.  MDV3100  induces  cell  death  in  LNCaP  cells.  FACS  dot  plots  displaying  percentages  of  viable, 
apoptotic,  and  necrotic  cell  populations  after  3  weeks  of  MDV3100  (10  pM)  treatment  compared  to  parental  LNCaP  cells. 
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months  of  treatment,  all  three  LNCaP-CRPC  lines  showed 
much  lower  end-point  live  cell  numbers  (Figure  IF,  top), 
suggesting  that  they  were  less  proliferative  and/or  more 
susceptible  to  cell  death.  Interestingly,  at  -4  months  (125 
days),  there  was  a  noticeable  increase  in  the  growth  kinetics 
in  all  3  LNCaP-CRPC  sublines  (Figure  IE).  In  support, 
all  3  LNCaP-CRPC  cultures  continuously  treated  for  10 
or  17  months  showed  significantly  more  live  cell  numbers 
compared  to  the  time-matched  control  LNCaP-GFP  cells 
(Figure  IF). 

We  further  characterized  LNCaP-GFP  and 
LNCaP-MDV  cells  at  crisis  point  (3  weeks)  and  found 
that  MDV3100  treatment  led  to  both  increased  cell- 
cycle  arrest  (Figure  1G)  and  cell  death  (Figure  1H). 
Specifically,  more  LNCaP-MDV  cells  remained  in  the 
G1  phase  compared  to  LNCaP-GFP  cells  (87.1%  versus 
67.7%)  and  less  were  at  the  G2/M  phase  (27%  versus 
10.5%)  (Figure  1G).  With  respect  to  cell  death,  -90% 
untreated  LNCaP-GFP  cells  were  viable;  in  contrast, 
only  42%  LNCaP-MDV  cells  treated  for  3  weeks  were 
viable  with  31%  of  cells  being  apoptotic  and  24%  being 
necrotic  (Figure  1H). 


Castrated  LNCaP  cultures  gradually  lose  PSA+ 
cells  as  well  as  AR  and  PSA  expression 

We  monitored  dynamic  changes  in  GFP+  cells  in 
chronically  castrated  LNCaP  cells  (Figure  2).  As  early 
as  1  week  after  treatment,  there  was  a  -5-10%  decrease 
in  GFP1  population  in  all  3  conditions  (Figure  2B).  By 
4-5  weeks,  there  were  15-25%  decreases  in  GFP+  cells 
with  concomitant  increases  in  GFP  10  (PSA_/I°)  cells,  with 
MDV3100  showing  the  strongest  effect  (Figure  2A-2B). 
By  2  months,  the  GFP+  population  dropped  to  -70%  in  all 
3  LNCaP-CRPC  cultures  and  at  5-7  months  the  GFP+  cell 
population  dramatically  decreased  (Figure  2A  and  2C). 
By  9  months  after  treatment,  there  were  barely  detectable 
GFP+  cells  in  the  3  LNCaP-CRPC  sublines  (Figure  2 A 
and  2C).  In  contrast  to  these  castration-induced  changes, 
untreated  LNCaP-GFP  cells  remained  mostly  GFP+  over 
the  9-month  treatment  period  (Figure  2). 

We  further  tracked  the  changes  in  PSA+  cells  in 
castrated  LNCaP  cells  infected  with  a  tracing  vector 
that  contained  a  built-in  RFP  reporter  driven  by  CMV 
promoter  (Supplementary  Figure  SI;  S2).  This  dual 


Untreated  CDSS  C+Bica  MDV3100 


Untreated  CDSS  C+Bica  MDV3100 


Figure  2:  Time-dependent  decrease  in  PSA+  cells  in  response  to  castration.  A.  Representative  phase  and  GFP  images  of  LNCaP 
and  3  types  of  LNCaP-CRPC  cells  treated  for  1,  2,  5,  and  9  months.  B.  Quantification  of  GFP+  percentage  in  short-term  treated  LNCaP  cells. 
C.  Quantification  of  GFP+  percentage  in  long-term  treated  LNCaP  cells. 
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reporter  system  allowed  us  to  monitor  alterations  of  PSA+ 
(GFP+)  cells  in  infected  (i.e.,  RFP+)  cells  (Supplementary 
Figure  S1A).  As  observed  with  the  PSAP-GFP  reporter, 
all  three  castration  regimens  led  to  a  gradual  decrease 
in  GFP'  cells  whereas  all  surviving  cells  remained 
RFP+  (Supplementary  Figure  S1B-S1D).  By  6  months, 
only  very  few  LNCaP-CRPC  cells  were  dimly  GFP+ 
(Supplementary  Figure  SIC). 

Accompanying  the  loss  of  PSA+  cells  was  a  time- 
dependent  decrease  in  AR  and  PSA  mRNAs  in  the  three 
LNCaP-CRPC  cultures  (Figure  3A).  Western  blotting 
showed  that  at  3  weeks  of  treatment,  LNCaP-CRPC 
cells  expressed  AR  protein  and  its  4  targets,  i.e.,  PSA, 
FKBP5,  PAP,  and  PSMA  (Figure  3B).  Interestingly, 
the  3 -week  treated  cultures  showed  several  lower 
AR  bands  that  could  represent  the  AR  splice  variants 
though  none  of  these  bands  represented  AR-V7  since 
an  AR-V7  specific  antibody  (Figure  3C)  failed  to  detect 
any  products  in  the  LNCaP-CRPC  cultures  (Figure  3B). 
Remarkably,  at  9-26  weeks,  all  3  LNCaP-CRPC  lines 
lost  AR  and  PSA  protein  expression  and  also  showed 
decreased  expression  of  other  AR  targets  (Figure  3B). 
In  the  independent  experiment  using  the  dual  reporter 
system,  AR  and  PSA  proteins  decreased  as  early  as 
1  week  after  the  initiation  of  castration  (Supplementary 


Figure  S1E).  Interestingly,  the  LNCaP-abl  [9],  a  cas¬ 
tration-resistant  LNCaP  subline  commonly  used  to 
study  resistance  mechanisms  (24),  were  AR+  PSA- 
(Figure  3B),  as  we  reported  recently  [3]. 

Together,  these  longitudinal  tracking  experiments 
indicate  that  in  vitro  castration  leads  to  a  loss  of 
differentiated  AR+  PSA+  LNCaP  cells,  as  further  supported 
by  immunofluorescence  staining  of  AR  and  PSA  in  the 
5-month  (5-mo)  LNCaP-CRPC  cells  (Supplementary 
Figure  S2). 

LNCaP-CRPC  cells  also  demonstrate  changes  in 
many  other  signaling  molecules 

In  addition  to  the  AR  signaling  pathway,  we 
also  examined  changes  in  several  molecules  related 
to  castration  resistance  (BCL2  and  SOX9),  epithelial- 
mesenchymal  transition  or  EMT  (E-cadherin,  SLUG, 
and  vimentin),  and  CSCs  (i.e.,  CD44,  integrin  a2pi,  and 
ABCG2)  [2-4,  20,  25-33]  (Figure  3B;  Supplementary 
Figure  S3).  Flow  cytometry  revealed  time-dependent 
increases  in  cells  expressing  high  levels  of  3  CSC  markers 
in  LNCaP-CRPC  cultures  (Supplementary  Figure  S3), 
consistent  with  the  notion  that  castration  enriches  for 
stem-like  cancer  cells  (2-4).  All  other  molecules  showed 
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Figure  3:  Loss  of  AR  and  PSA  expression  in  LNCaP-CRPC  cell  lines.  A.  AR  and  PSA  mRNA  expression  detennined  by  qPCR 
in  LNCaP-CRPC  cells.  B.  Immunoblotting  of  AR  and  other  molecules  indicated  in  LNCaP,  LNCaP-abl,  and  LNCaP-CRPC  cells  treated 
for  3-26  weeks.  ***indicates  low-M.W.  AR  species.  C.  Immunoblotting  of  AR-V7  using  an  AR-V7  specific  antibody  in  an  androgen- 
dependent  (AD)  VCaP  xenograft  (grown  in  intact  NOD/SCID/y  mice)  and  an  androgen-independent  (AI)  VCaP  xenograft  (grown  in 
castrated  NOD/SCID/y  mice).  Protein  amount  loaded  per  lane  was  indicated. 
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variegated  changes  (Figure  3B).  For  example,  BCL2, 
an  anti-apoptotic  molecule  shown  previously  to  be 
upregulated  during  castration  [20],  actually  exhibited 
slight  decreases  in  our  LNCaP-CRPC  cells  (Figure  3B). 
SOX9,  a  stem  cell  molecule  recently  reported  to  be 
regulated  by  AR  [25],  showed  rapid  downregulation  in 
3-week  castrated  LNCaP  cells  and  then  slightly  increased 
in  long-term  LNCaP-CRPC  cells  (Figure  3B).  Castration 
has  been  linked  to  EMT  [31-33].  However,  our  LNCaP- 
CRPC  cells  showed  decreased  E-cadherin  and  subtle 
changes  in  SLUG  and  vimentin  (Figure  3B).  N-cadherin 
was  not  expressed  in  parental  LNCaP  cells  nor  was  it 
induced  in  LNCaP-CRPC  cells  (data  not  shown).  These 
results  suggest  that  castration  resistance  in  LNCaP  cells 
in  our  experimental  conditions  is  not  associated  with 
apparent  EMT. 


Single  cell  tracking  of  LNCaP  cell  response  to 
castration  reveals  distinct  drug  sensitivity  in 
parental  LNCaP  vs.  LNCaP-MDV  cells 

We  employed  time-lapse  video  microscopy  [2,  3] 
to  further  monitor  the  survival  and  division  mode  of 
single  parental  LNCaP  (i.e.,  LNCaP-GFP)  and  LNCaP - 
MDV  (both  at  6-mo)  cells  to  fresh  MDV3100  treatment 
(Figure  4).  As  we  observed  previously  [2,  3],  in  untreated 
LNCaP  cultures,  GFP+  (PSA+)  cells,  which  represented 
the  bulk  (i.e.,  ~95%),  underwent  rapid  symmetrical  cell 
divisions  with  average  cell-cycle  transit  time  of  16.5±8.4 
h  (n=48  cells)  (Figure  4A;  Figure  4D,  top).  In  response  to 
acute  MDV3100  treatment  (10  pM),  most  GFP+  LNCaP 
cells  underwent  cell-cycle  arrest  and/or  death  without 
cell  division  (Figure  4B;  Figure  4D,  middle).  Many  GFP+ 
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GFP*  cells 


0  hr 
10  hr 
20  hr 
30  hr 
40  hr 
50  hr 
60  hr 
70  hr 
80  hr 


LNCaP-MDV  (6  mo) 
+  MDV3100  (20  pM) 

GFP  cells 


M 


Figure  4:  Time-lapse  tracking  of  LNCaP  cells  in  response  to  MDV3100.  A.  Cell  division  mode  and  cell-cycle  transit  times  in 
untreated  GFP  LNCaP  cells  in  regular  serum-containing  medium  as  determined  by  time-lapse  videomicroscopy.  Shown  are  4  representative 
GFP+  cells  that  underwent  rapid  symmetrical  cell  divisions.  Time  scale  is  shown  for  each  cell  recorded.  B.  Cell  division  mode  and  cell-cycle 
times  in  GFP+  LNCaP  cells  acutely  treated  with  MDV3100  (10  pM).  Asterisks  indicate  dead  cells.  C.  Cell  division  mode  and  cell-cycle 
transit  times  in  LNCaP-MDV  (6-mo)  cells  treated  with  MDV3100  (10  pM).  Note  that  the  6-month  LNCaP-MDV  cells  were  all  GFP  .  D. 
Representative  time-lapse  images  for  data  presented  in  A-C. 
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LNCaP  cells  never  divided  during  the  entire  >160  h 
recording  period  (Figure  4B).  In  contrast  to  MDV3100- 
treated  parental  GFP+  LNCaP  cells,  the  6-mo  LNCaP  - 
MDV  cells,  all  of  which  were  GFP~,  behaved  like  the 
untreated  GFP+  parent  LNCaP  cells  and  divided  fast 
in  the  presence  of  MDV3100  with  a  cell-cycle  time  of 
25. 6± 1 6.7  h  (n=35  cells)  (Figure  4C;  Figure  4D,  bottom 
panels).  This  defined  single-cell  tracking  experiment 
provides  direct  evidence  that  1)  acute  MDV3100  treatment 
of  PSA+  LNCaP  cells  causes  prominent  cell-cycle  arrest 
and/or  cell  death,  and  2)  the  chronically  castrated  PSA-' 
lo  LNCaP-CRPC  cells,  unlike  the  parental  PSA+  cells,  no 
longer  respond  to  MDV3 100. 

LNCaP-CRPC  cells  are  refractory  to  further 
castration  and  chemotherapeutic  drugs  but 
sensitive  to  anti-BCL-2  and  several  kinase 
inhibitors 

To  test  whether  the  long-term  LNCaP-CRPC  cells 
would  be  refractory  to  ‘therapeutic’  treatments  other  than 
antiandrogens,  we  treated  5-mo  LNCaP-GFP  and  the 
3  LNCaP-CRPC  cell  types,  for  72  h,  with  a  ‘candidate 
library’  of  15  compounds  that  included:  2  antiandrogens 
(MDV3 100  and  Bicalutamide),  2  chemotherapeutic  drugs 
(docetaxel  and  etoposide),  2  plant-derived  experimental 
drugs  (Avicin  and  Oxetane;  [34]),  a  telomerase  inhibitor 
(Imetalstat,  also  called  GRN163L;  [35]),  Metformin 
(an  antidiabetic  drug  shown  to  inhibit  CSCs;  [36]),  a 
selective  BCL-2  inhibitor  ABT-199  [37,  38],  2  epigenetic 
inhibitors,  i.e.,  5-Aza-2’-deoxycytidine  (Aza,  an  inhibitor 
of  DNA  methyltransferase)  and  trichostatin  A  (TSA,  a 
histone  deacetylase  inhibitor),  and  4  inhibitors  of  signaling 
pathways,  i.e.,  XAV-939  that  inhibits  Wnt/b-catenin; 
SB431542  that  inhibits  TGFBR1;  SU  5402  that  inhibits 
VEGFR1  and  FGFR1;  and  AEW541  that  inhibits  the  IGF- 
1R  (Figure  5;  Supplementary  Table  S2).  We  used  FLO, 
as  a  control,  which  non-selectively  killed  all  cell  types  at 
>5  pM,  and  also  compared  with  the  drug  sensitivities  of 
LNCaP-abl  cells  (Figure  5). 

This  ‘targeted’  drug  screening  revealed  that  the 
5-mo  LNCaP-CRPC  cells  that  lacked  AR  and  PSA 
expression,  within  72  h,  were  resistant  to  antiandrogens, 
chemotherapeutic  drugs  (docetaxel,  etoposide,  Avicin, 
and  Oxetane),  and  TSA  (Figure  5A-5B),  non-responsive 
to  Imetastat,  Metformin,  Aza,  and  XAV-939  (Figure  5C) 
but  sensitive  to  ABT-199,  SB431512,  SU  5402,  and 
AEW541  (Figure  5D).  Specifically,  MDV3100  dose- 
dependently  inhibited  LNCaP-GFP  cells  but  the  LNCaP- 
CRPC  cells  showed  resistance  to  even  200  pM  of 
MDV3100  (Figure  5A).  Bicalutamide,  known  to  be  less 
potent  that  MDV3 100  in  antagonizing  AR  (Supplementary 
Table  S2),  did  not  affect  LNCaP-GFP  or  LNCaP-CRPC 
cells,  even  at  200  pM.  Interestingly,  LNCaP-CRPC  cells 
demonstrated  most  prominent  resistance  to  docetaxel, 
Avicin,  Oxetane,  and  TSA  compared  to  LNCaP-GFP 


cells  (Figure  5A-5B).  On  the  other  hand,  both  LNCaP- 
GFP  and  LNCaP-CRPC  cells  did  not  appreciably  respond 
to  Imetalstat,  metformin  and  Aza  and  both  showed  only 
slight  responses  to  XAV-939  (Figure  5C),  suggesting  that 
either  these  inhibitors  were  ineffective  or  needed  >72  h  to 
manifest  effects.  Importantly,  however,  the  5-mo  LNCaP- 
CRPC  cells,  like  LNCaP-GFP  cells,  responded,  in  a  dose- 
dependent  manner,  to  ABT-199  and  3  kinase  inhibitors, 
i.e.,  SB431542,  SU  5402,  and  AEW541  (Figure  5D), 
implicating  potentially  critical  roles  of  BCL2  and 
TGFBR1,  VEGFR1/FGFR1,  and  IGF-1R  signaling  in  the 
survival  of  LNCaP-CRPC  cells. 

The  results  with  AEW541  were  especially 
interesting  as  we  previously  showed  the  involvement  of 
IGF-1R  in  positively  regulating  the  PSA_/1°  LNCaP  cells 
[2]  and  the  IGF/IGF-1R  signaling  pathway  has  been 
implicated  in  CRPC  progression  [39].  Indeed,  AEW541 
prominently  inhibited  growth  of  AR  PSA-  Du  145  and 
PC3  cells  by  causing  apoptosis  (Figure  6A-6D).  AEW541 
also  inhibited  the  bulk  LNCaP  cells  in  a  dose-dependent 
manner  (Figure  6E).  Significantly,  although  the  PSA_/1° 
PCa  cells  are  highly  resistant  to  castration,  prooxidants, 
and  some  chemotherapeutic  drugs  [2,  3],  AEW541 
exhibited  inhibitory  effects  on  both  PSA+  as  well  as  PSA 
lo  LNCaP  cells  by  causing  increased  apoptosis  (Figure 
6F-6G).  AEW541  also  inhibited  the  spherogenic  activities 
in  LNCaP  cells  (Figure  6H-6J).  Finally,  we  found  that 
AEW541  at  10  pM  was  as  effective  as  CDSS+MDV3100 
(20  pM)  in  suppressing  LNCaP  cell  growth  (Figure  6K) 
and  that  in  VCaP  cells,  AEW541  was  more  effective  than 
CDSS+MDV3100  (Figure  6L). 

A  drug-screening  experiment  in  the  10.5-mo 
LNCaP-CRPC  cells,  which  also  expressed  little  AR 
(see  Figure  8 A),  revealed  overall  very  similar  response 
patterns  to  the  5-mo  LNCaP-CRPC  cells  except  for 
several  noticeable  differences  in  the  group  of  sensitive 
drugs  (Supplementary  Figure  S4).  For  instance,  the  10.5- 
mo  LNCaP-CRPC  cells  became  more  resistant  to  10  pM 
ABT-199  and  AEW541  although  they  were  still  sensitive 
to  higher  concentrations  of  both  inhibitors.  In  addition, 
the  10.5-mo  LNCaP-CRPC  cells  displayed  resistance  to 
50  pM  SB431542  and  100  pM  SU  5402  (Supplementary 
Figure  S4).  These  results  suggest  that  compared  to  the 
5-mo  LNCaP  cells,  the  10.5-mo  LNCaP-CRPC  cells 
developed  further  resistance  to  the  initially  sensitive  drugs. 

Interestingly,  LNCaP-abl  cells,  which  were  AR+ 
PSA-  (Figure  3B;  3),  showed  both  similar  and  different 
responses  compared  to  the  5-mo  LNCaP-CRPC  (AR- 
PSA-;  Figure  3B)  cells  and  to  LNCaP-GFP  (AR+  PSA+; 
Figure  3B)  cells  (Figure  5)  as  well.  For  example,  LNCaP- 
abl  cells  exhibited  a  dose-dependent  sensitivity  to  both 
MDV-3100  and  Bicalutamide  (Figure  5A).  LNCaP-abl 
cells  also  demonstrated  exquisite  sensitivity  to  docetaxel 
and  Avicin  (Figure  5A-5B).  On  the  other  hand,  LNCaP- 
abl  cells  were  reproducibly  more  resistant  to  10  pM  of 
ABT-199  (Figure  5 A;  data  not  shown).  These  results 
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Figure  5:  Candidate  library  screening  in  LNCaP-CRPC  cells.  Presented  is  the  relative  cell  survival  (%),  as  determined  by 
AlmarBlue  assay,  in  LNCaP-GFP  (LNCaP;  5-mo),  LNCaP-CRPC  (5-mo),  and  LNCaP-abl  cells  when  exposed  to  15  compounds  in  the 
candidate  library  for  72  h.  Compound  concentrations  were  selected  based  on  the  reported  IC50  values  (Supplementary  Table  S2).  The 
response  patterns  were  classified  into  4  categories. 
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Figure  6:  Effects  of  IGF-1R  inhibitor  AEW541  on  AR/PSA  PC3  and  Dul45  cells  and  PSA  /|0  LNCaP  cells.  A-D.  PC3 

and  Dul45  cells  are  sensitive  to  AEW541.  In  A  and  C,  PC3  (A)  or  Dul45  (C)  cells  (2,000/well)  were  plated  in  96-well  plates.  After  cells 
attached  to  the  plate  (12  h),  vehicle  control  (Ctrl;  DMSO)  or  AEW541  (10  pM  final  concentration)  was  added  to  the  wells  and  relative  live 
cell  number  was  determined  by  WST-1  assays  at  day  0,  5,  and  8  (see  Supplementary  Methods).  Presented  are  fold  changes  in  cell  numbers 
(**P<0.05;  ***P<0. 001).  Apoptosis  assays  were  performed  using  the  Vybrant  kit  and  shown  in  B  and  D  are  representative  histograms  showing 
AEW541 -induced  cell  death.  E.  Dose  response  of  AEW541  in  LNCaP  cells,  as  measured  by  WST-1  assays.  F-G.  The  PS A~,kj  LNCaP  cells  are 
susceptible  to  AEW541 .  Purified  PSAVPSA-'10  LNCaP  cells  were  utilized  in  WST- 1  cell  growth  assays  (F)  and  Vybrant  apoptosis  assays  (G) 
in  the  presence  of  DMSO  (Ctrl)  or  AEW541  (10  pM).  **P<0.05;  ***P<0.001.  H-J.  AEW541  inhibits  LNCaP  sphere  formation.  Bulk  LNCaP 
cells  were  plated  at  the  clonal  level  in  methylcellulose  based  sphere  assays  in  the  presence  of  DMSO  (Ctrl)  or  AEW541  (10  pM).  2  weeks 
later,  sphere  number  and  size  were  measured  (***P<0.001).  Shown  in  H  are  representative  images.  K-L.  AEW541  is  more  effective  than 
CDSS+MDV3 100  in  killing  LNCaP  and  VCaP  (E)  cells.  Bulk  LNCaP  or  VCaP  cells  were  plated  at  2,000  cells/well  in  triplicate  in  96-well 
plates  and  cultured  in  RPMI-7%  FBS.  Cell  number  in  each  well  was  assessed  by  WST-1  assays  in  the  presence  of  DMSO  (Ctrl).  Cells  were 
then  treated  with  DMSO  (ctrl),  CDSS+MDV3100  (20  pM),  AEW541  (10  pM),  or  combination.  Live  cells  were  determined  at  the  indicated 
time  points,  and  results  are  presented  as  fold  increase.  In  K,  the  difference  between  Ctrl  vs.  other  conditions  at  D2-D12  was  all  statistically 
significant  (P<0.01).  In  L,  the  difference  between  Ctrl  vs.  the  other  three  conditions  at  D2-D12  was  statistically  significant  (P<0.001).  The 
difference  between  CDSS+MDV3100  vs.  AEW541  or  combination  at  D2-D12  was  also  statistically  significant  (P<0.05). 
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highlight  differences  in  various  castration-resistant  LNCaP 
sublines  such  as  observed  here  between  our  LNCaP-CRPC 
vs.  LNCaP-abl  cells. 

Further  evidence  that  LNCaP-CRPC  cells 
remain  sensitive  to  kinase  inhibitors 

Prompted  by  the  preceding  observations  that 
LNCaP-CRPC  cells  are  sensitive  to  some  kinase  inhibitors 
(Figure  5D;  Supplementary  Figure  S4),  we  screened 
5-mo  LNCaP-GFP  (parental),  5-mo  LNCaP-MDV,  and 
16-mo  LNCaP-MDV  cells  against  a  collection  of  752 
inhibitors  of  >140  human  kinases  (Supplementary  Figure 
S5A;  Supplementary  Table  S3).  This  library  contained 
183  inhibitors  that  target  multiple  Ser/Thr  kinases  (e.g., 
CDKs,  GSK3,  MAPK/ERK/MEK),  155  inhibitors  of 
receptor  tyrosine  kinases  (RTKs),  88  inhibitors  of  PI3K/ 
AKT/mTOR  signaling,  and  inhibitors  that  target  many 
other  kinases  (Supplementary  Figure  S5A;  Supplementary 
Table  S3).  The  3  LNCaP  cell  types  were  subjected  to  a 
3-step  screening  protocol,  i.e.,  primary  and  secondary 
screens  and  validation  (Supplementary  Figure  S5B-S5C) 
and  only  those  inhibitors  (at  10  pM)  that  demonstrated 
>40%  inhibition  in  both  primary  and  secondary  screens 
were  considered  true  ‘hit’  compounds.  Primary  screen 
resulted  in  128,  31,  and  30  hits  whereas  secondary  screen 
resulted  in  44,  11,  and  10  hits  in  LNCaP-GFP,  5 -mo 
LNCaP-MDV,  and  16-mo  LNCaP-MDV  cells,  respectively 
(Supplementary  Figure  S5C;  Table  1).  The  decreased 
number  of  hits  in  the  LNCaP-MDV  cells  indicates  that 
the  chronically  selected  CRPC  cells  are  resistant  to  most 
kinase  inhibitors  tested. 

An  analysis  of  the  secondary  screen  hit  compounds 
(Table  1)  and  validation  studies  (Figure  7)  on  most 
of  the  hits  using  freshly  purchased  compounds  at  a 
range  of  concentrations  (i.e.,  0.1,  1.0,  2.0,  5.0,  and  10.0 
pM)  revealed  some  interesting  results.  For  example, 
EMD341251,  which  blocks  the  CDK4/D1  activity 
(Supplementary  Table  S2),  not  only  inhibited  LNCaP-GFP 
cells  but  also,  partially,  LNCaP-MDV  cells  (IC50=1 . 1 5, 
1.37,  and  6.71  pM  for  parental,  5-mo  and  16-mo  LNCaP- 
MDV  cells,  respectively)  although,  not  surprisingly,  the 
5-mo  and,  especially,  the  16-mo  LNCaP-MDV  cells 
were  more  resistant  (Figure  7).  These  results  suggest 
that  the  castration-resistant  LNCaP-CRPC  cells  partially 
rely  on  CDK4/D 1  for  their  continued  proliferative 
capacity,  consistent  with  recent  observations  by  others 
[4,  21],  NVP-BGT226,  a  dual  PI3K  and  mTOR  inhibitor, 
exhibited  a  similar  inhibitory  pattern  in  LNCaP-GFP 
and  LNCaP-MDV  cells  to  EMD341251  (Figure  7B; 
Table  1  ).  Interestingly,  EMD124011,  an  AKT  inhibitor 
(Supplementary  Table  S2),  exhibited  impressive  growth- 
inhibitory  effects  on  both  LNCaP-GFP  and  LNCaP-MDV 
cells  (IC50=1.085,  2.417,  and  2.045  pM  for  parental,  5-mo 
and  16-mo  LNCaP-MDV  cells,  respectively;  Figure  7C). 
Together,  these  observations  suggest  that  LNCaP-MDV 


cells  continue  to  require  and  depend  on  PI3K/mTOR/ 
AKT  signaling  for  their  survival,  consistent  with  LNCaP 
cells  having  PTEN  mutation  and  with  well-established 
involvement  of  the  P13K/mTOR/AKT  pathway  in  CRPC 
[4,40,41], 

Several  other  kinase  inhibitors  also  displayed 
varying  levels  of  inhibitory  effects  on  LNCaP-MDV 
cells,  which  included  EMD5 72660  (inhibiting  PDGFRJ3; 
IC50=2.628,  4.943,  and  4.988  pM  for  parental,  5-mo  and 
16-mo  LNCaP-MDV  cells,  respectively;  Figure  7D), 
EMD361550  (targeting  GSK-3a/a;  IC50=6.362,  5.638, 
and  4.638  pM  for  the  3  cell  types,  respectively;  Figure 
7E),  EMD238811  (inhibiting  CDK9;  Figure  7F.  Note  IC50 
values  could  not  be  determined),  CCT137690  (targeting 
Aurora  kinases  A/B/C;  Figure  7G),  Tocris  2539  (inhibiting 
IKK;  IC50=5.04,  6.68,  and  6.62  pM  for  parental,  5-mo 
and  16-mo  LNCaP-MDV,  respectively;  Figure  7H), 
Tocris  2471  (inhibiting  Syk;  IC50=1.95,  2.82,  and  2.08 
pM  for  parental,  5-mo  and  16-mo  LNCaP-MDV  cells, 
respectively;  Figure  71),  and  LND193189  (inhibiting 
TFG-p/Smad;  IC50=3.12,  4.61,  and  2.27  pM  for  parental, 
5-mo  and  16-mo  LNCaP-MDV  cells,  respectively; 
Figure  7J).  Many  of  these  signaling  pathways  have  been 
implicated  in  PCa  progression  and/or  therapy  resistance 
[42-48], 

Interestingly,  these  latter  inhibitors  showed  slight 
growth-promoting  effects  at  0.1-2  pM  followed  by 
inhibitory  effects  in  the  parental  LNCaP-GFP  cells 
(Figure  7D-7J).  In  contrast,  the  LNCaP-MDV  cells  did 
not  manifest  this  bi-phasic  response  pattern  (Figure  7D- 
7J).  Taken  together,  the  kinase  inhibitor  library  screening 
indicates  that  castration-resistant  LNCaP-MDV  cells 
engage  multiple  kinase  signaling  pathways,  including 
PI3K/ AKT/mTOR,  PDGFR,  GSK-3,  IKK,  Syk,  and 
TGFb/Smad,  for  their  survival  and  proliferation. 

Evidence  for  cyclic  changes  of  AR  and  PI3K/ 
mTOR/ AKT  signaling  molecules  in  LNCaP 
CRPC  cells  and  for  epigenetic  involvement 
during  MDV3100  treatment 

We  further  examined  the  long-term  molecular 
changes  in  MDV3 100-treated  LNCaP  cells  (Figure  8A). 
As  observed  earlier  (Figure  3B),  LNCaP  cells  treated  with 
MDV3 1 00  for  up  to  7  months  lacked  expression  of  AR  and 
PSA  proteins  (Figure  8  A).  Accompanying  the  loss  of  AR, 
cells  activated  AKT  at  3  weeks  post  MDV3100  treatment 
as  evidenced  by  increased  p-AKT/AKT  ratio,  which 
subsequently  declined  (Figure  8A;  Figure  S6A).  The 
LNCaP-MDV  cells  at  5-6  months  still  expressed  slightly 
higher  levels  of  p-AKT  than  LNCaP-GFP  cells  (Figure  8 A; 
data  not  shown).  When  parental  LNCaP-GFP  cells  were 
treated  with  EMD1 24011,  AKT  was  lost  within  24  h 
accompanied  by  a  rapid  decrease  of  p-AKT  (Figure  8B). 
Strikingly,  EMD124011  induced  even  faster  loss  of  AKT 
and  p-AKT  in  the  5-mo  LNCaP-MDV  cells  (Figure  8B), 
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Table  1:  Secondary  screen  hit  compounds  in  kinase  inhibitor  screening  of  parental,  5-mo.  and  16-mo.  LNCaP-CRPC 
cells 


Pathway 


Serine/Threonine/ 
Cell  Cycle 


PI3K/Akt/mTOR 


RTK 


Parental  (44hits) 


(Cdk4/Dl) 


Dinaciclib  (SCH727965) 
(Cdk) 


EMD  217695 
(Cdkl) 


SY-Flavopiridol  (Cdk) 


EMD  203882  (Cdk/CKl) 
EMD  217696  (Cdkl) 
SY-SNS-032  (Cdk) 

EMD  400090  (CK-1) 
Tocris  1777  (MEK) 

Se  SI 527  (p38  MAPK) 


(PI3K,  mTOR) 


(Akt  Inhibitor  IV) 

SY-GSK2 126458  (PI3K) 

SY-GSK690693  (Akt/PKB, 
Akt  1,2,3) 


PF-05212384  (PI3Ka,  PI3Ky, 
mTOR) 

EMD  528116  (PI3Ka  Inhibitor 
VIII) 


SY-GNE-493  (Pan-PI3K,  pan 
PI3K/mTOR) 

INK  128  (mTOR) 

EMD  528111  (PI3Ka) 


(c-Kit,  VEGFR, 


PDGFR) 

Se  SI  178  (VEGFR-PDGFR) 
SY-AG13958  (VEGFR) 

Apatinib  (YN968D1)  (VEGFR) 
BGJ398  (NVP-BGJ398)  (FGFR) 


Desmethyl  Erlotinib  (CP-473420) 
(EGFR) 

480  (PDGFR) 

GSK1904529A  (IGF-1R  and  IR) 
EMD  521233  (PDGFR) 


5  mo  (llhits) 


(Cdk4/Dl) 

EMD  361550 
(GSK-3  Inhibitor  IX) 


EMD  238811 
(Cdk9  Inhibitor  II) 


(PI3K,  mTOR) 


(Akt  Inhibitor  IV) 


16  mo  (10  hits) 


(Cdk4/Dl) 

EMD  219476 
(Cdk4/Dl) 


(PI3K/mTOR) 


(Akt  Inhibitor  IV) 


VEGFR,  PDGFR) 


(' Continued ) 
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Pathway 


Multi  Kinase 


Parental  (44hits) 

Tocris  2693  (cMET,  c-Met) 
1NCB28060  (c-Met) 

(PDK1, 

(Multi  Kinase 

SY-A-674563  (AKT, 

CDK,  PKA) 

EMD  528100  (DNA-PK, 
PI3-K,  and  mTOR) 


Inhibitor) 


SY-PIK-75  (PI3K,  pllOa, 
DNA-PK) 

SY-Sorafenib  (B-Raf,VEGFR, 
Mek,  Erk) 

Se  S 1 1 34  (JAK2/3,  Aurora) 

Se  SI 205  (PI3K/Akt/mTOR 
and  DNA-PK) 

TAK-901  (Aurora  Kinase) 

EMD  401482  (IKK-2  Inhibitor  V) 
EMD  420136  (JNK  Inhibitor  IX) 
^^■(Syk) 

Se  S1485  (PLK) 

CH5424802  (ALK) 

*Compounds  shared  between  cell  types  are  indicated  in  red. 

potentially  explaining  the  exquisite  sensitivity  of  LNCaP- 
MDV  cells  to  EMD124011  (Figure  1C).  Surprisingly,  both 
mTOR  and  p-mTOR  levels  significantly  decreased  at  3 
weeks  to  7  months  post  MDV3 100  treatment  (Figure  8A). 
Indeed,  the  5-mo  LNCaP-MDV  cells  showed  low  levels 
of  mTOR  and  barely  detectable  p-mTOR  (Figure  8C;  time 
0  lanes).  Treatment  of  LNCaP-GFP  cells  with  the  PI3K/ 
mTOR  inhibitor  NVP-BGT226  led  to  decreased  mTOR/p- 
mTOR  levels  at  24  h  but  increased  mTOR/p-mTOR  levels 
at  48  and  72  h  (Figure  8C).  The  5-mo  LNCaP-MDV  cells 
showed  overall  a  similar  response  pattern  to  NVP-BGT226 
(Figure  8C).  These  results  suggest  that  the  sensitivities  of 
LNCaP-GFP  and  LNCaP-MDV  cells  to  NVP-BGT226 
(Figure  7B)  likely  resulted  from  the  inhibition  of  PI3K. 

To  our  great  surprises,  AR,  PSA,  p-AKT,  and 
mTOR/p-mTOR  levels  showed  cyclic  changes  throughout 
the  21 -month  treatment  period  such  that  at  8-9  months, 
all  4  proteins  increased  and  then  declined  afterwards, 
and  increased  again  at  ~17  months  then  decreased  or  lost 


Aurora  kinase 

IKK 

JNK 

Miscellaneous 


5  mo  (llhits)  16  mo  (10  hits) 


Akt,  Fit) 


(PDK1, 


(PDK1, 


Akt,  Fit) 


|  (Multiple 
protein  kinases) 


EMD  569397  (Multiple 
protein  kinases) 


Enzo  El- 156  (PKC, 
CDK1/B,  CDK2/A, 
CDK4/D,  CDK5,  GSK-3, 
Pim-1) 


CCT137690  (Aurora  Kinase 
A,  B,  C) 

Tocris  2539  (IKK) 


(Syk) 

LDN193189  (TGF-beta/ 
Smad) 


(Figure  8A).  This  cyclic  pattern  of  changes  implicates 
the  involvement  of  certain  epigenetic  mechanisms  in 
MDV3100-treated  LNCaP  cells.  In  support,  when  we 
probed  the  same  panel  of  time-related  samples  for  four 
histone  3  (H3)  marks,  i.e.,  H3K27ace  (an  enhancer 
mark),  H3K4mel  (also  an  enhancer  mark),  H3K4me3  (an 
activation  mark),  and  H3K27me3  (a  repressive  mark),  we 
also  observed  cyclic  changes  in  these  marks,  in  particular, 
H3K27me3  (Supplementary  Figure  S6B).  In  further 
support  of  epigenetic  mechanisms,  when  we  put  the  14- 
mo  AR  /PSA  LNCaP-MDV  cells  (Figure  8A)  back  into 
the  normal  culture  medium  (RPMI+7%  FBS),  AR  (but  not 
PSA)  started  to  re-emerge  around  6  months  and  became 
strong  at  8  months  (Supplementary  Figure  S6C). 

DISCUSSION 

In  the  present  study,  we  have,  for  the  first  time, 
longitudinally  tracked  the  response  of  LNCaP  cells. 
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to  castration  for  up  to  ~2  years.  The  most  important 
distinction  of  our  study  from  all  earlier  related  work  is 
that  we  employed  the  PSAP-GFP/RFP  lineage-tracing 


reporters  to  monitor  the  dynamic  changes  in  the  PSA_/ 
lo  and  PSA+  subpopulations  of  the  LNCaP  cells  upon 
blockade  of  androgen  signaling.  One  of  the  major  findings 


0  12  5  10  (pM) 


0  12  5  10  (uM) 

G 


0  12  5  10  (pM) 


0  12  5  10  (pM) 


B 


0  12  5  10  (pM) 


0  12  5  10  (pM) 

F 


Figure  7:  Validation  studies  of  10  ‘hit’  compounds  in  the  secondary  screen.  Three  LNCaP  cell  types,  LNCaP-GFP  (parental), 
5-mo  and  10-mo  LNCaP-MDV  cells  were  treated  with  freshly  purchased  10  compounds  at  0,  0.1,  1,  2,  5,  and  10  pM  for  72  h.  Live  cell 
numbers  were  determined  via  an  AlmarBlue  assay.  The  results  were  presented  as  %  cell  survival  relative  to  DMSO  control.  Cell  survival 
curves  were  generated  by  applying  the  smooth  marked  scatter  plot  in  Excel  with  standard  deviation  as  error  bar.  For  IC50  detemiination, 
we  used  prism  to  perfomi  the  nonlinear  regression  fit  between  the  log  concentration  and  the  response  with  variable  slope. 
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is  that  3  different  castration  regimens  all  gradually  result 
in  decrease  and  loss  of  the  mRNAs  and  proteins  of  AR 
and  its  target  PSA,  leading  to  increasing  numbers  of  PSA 
lo  cells.  In  regular  serum- containing  LNCaP  cultures,  the 


majority  of  cells  are  PSA+;  however,  there  is  a  minor 
population  of  PSA~/1°  LNCaP  cells  (Figure  IB;  Figure 
8D)  [2],  Flow  cytometry  analysis  of  castrated  LNCaP 
cells  at  multiple  consecutive  time  points  indicates  that 


LNCaP-MDV 


B 


60- 

60- 

37- 


Parental  LNCaP-MDV  (5-mo) 

0  24  48  72ll_0  24  48  72  '  EMD  124011  (h) 

—  AKT 

p-AKT 


GAPDH 


Parental  LNCaP-MDV  (5-mo) 
nr 


l_0  24  48  72  ll_0  24  48  72  '  NVP-BGT226  (h) 


289  - 
289  - 


mTOR 

p-mTOR 


37-^ 


»  GAPDH 


Untreated 
LNCaP  (AD) 


Limited  tumor 
propagating  capability 
Tumors  contain 
mostly  PSA+  cells 
Sensitive  to  castration 


Castration  in  vitro  (CDSS/bica/MDV) 


LNCaP-CRPC  (AR-PSA-) 
LNCaP-abl  (AR+PSA-) 
LNCaP-CLI,  CL1.1  (AR-PSA-) 


(^)  PSA+ cells  (fast  proliferating;  castration  sensitive) 

PSA  /I°  cells  -  untreated  (dormant;  castration  resistant) 
PSA/l0  cells  -  treated  (cycling;  castration  resistant) 


Unlimited  tumor 
propagating  capability 
Recreate  parental  tumor 
cell  heterogeneity 
Resistant  to  castration 


Figure  8:  Dynamic  molecular  changes  in  AR/PSA  and  AKT/mTOR  pathway  molecules  during  chronic  treatment  of 
LNCaP  cells  with  MDV3100  and  a  model.  A.  Immunoblotting  analysis  of  the  molecules  indicated  in  LNCaP  cells  treated  with 
MDV3100  from  3  weeks  to  21  months.  Total  cell  lysates  (60  mg/lane)  were  used  and  untreated  LNCaP-GFP  cells  were  employed  as  the 
control  (lane  1 ).  Both  GAPDH  (top)  and  b-actin  (bottom)  WB  were  used  as  loading  controls.  Note  cyclic  changes  in  AR,  PSA,  and  several 
other  molecules  (demarcated  by  vertical  lines).  B-C.  Differential  response  of  LNCaP-GFP  (parental)  and  5-mo.  LNCaP-MDV  cells  to 
EMD124011  (B)  and  NVP-BGT226  (C)  treatment  for  the  time  periods  indicated.  D.  A  hypothetical  model  of  how  the  LNCaP-CRPC 
sublines  might  have  been  generated  in  the  current  study.  See  Text  for  discussion.  The  legend  is  indicated  below. 
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castration  leads  to  loss  of  PSA+  cells.  Time  lapse-based 
single  cell  tracing  also  provides  direct  evidence  that  the 
PSA+  LNCaP  cells  respond  to  MDV3100  by  undergoing 
rapid  cell-cycle  arrest  and  cell  death  (Figure  4B).  Loss  of 
PSA+  LNCaP  cells  should  lead  to  the  enrichment  of  PSA 
lo  cells  (Figure  8D,  b).  These  observations  are  consistent 
with  our  recent  demonstration  that  freshly  purified  PSA" 
LNCaP  cells  are  more  sensitive  to  apoptosis  induction  by 
castration  and  chemotherapeutic  drugs  compared  to  the 
PSA”'10  cells  [3].  In  ~2-3  months,  castrated  LNCaP  cultures 
have  largely  lost  both  AR  and  PSA  proteins  (Figure  3B; 
Figure  8A)  resulting  in  mostly  PSA_/1°  cells  (Figure  8D, 
c).  These  results  are  not  particularly  surprising  considering 
that  PSA+  PCa  cells  all  express  high  levels  of  nuclear  AR 
[2,  3]  and,  in  the  absence  of  androgens  (CDSS)  and/or 
with  the  blockade  of  AR  signaling  (CDSS+bicalutamide 
and  MDV3100),  AR  will  be  degraded  leading  to  the 
death  of  AR  VPS  A1  PCa  cells  and  time-related  enrichment 
of  AR  /PSA  cells.  On  the  other  hand,  there  exists  a 
possibility  that  some  PSA*  LNCaP  cells,  under  castration, 
may  undergo  de-differentiation  and  thus  contribute  to 
the  enlarging  pool  of  PSA_/1°  cells.  We  are  currently 
developing  genetic  tracing  tools  that  can  allow  us  to 
directly  test  this  possibility. 

The  resultant  PSA-/l0  LNCaP-CRPC  cells  are  highly 
resistant  to  further  castration  by  high  levels  of  MDV3 100 
(i.e.,  200  liM)  as  well  as  to  chemotherapeutic  drugs 
(Figure  5A-5B).  What  mechanisms  could  be  responsible 
for  this  multi-drug  resistance  (MDR)  phenotype  in 
LNCaP-CRPC  cells?  We  have  previously  shown  [2,  3] 
that  the  PSA_/1°  PCa  cells  can  undergo  asymmetric 
cell  division,  possess  stem  cell  gene  expression  and 
epigenetic  profiles,  possess  unlimited  tumor-propagating 
capabilities  and  can  recreate  the  tumor  cell  heterogeneity, 
and,  importantly,  are  intrinsically  resistant  to  castration, 
chemodrugs,  and  prooxidants  (Figure  8D,  a).  In  contrast, 
the  PSA  PCa  cells  only  undergo  symmetric  cell  division, 
possess  more  limited  tumor-propagating  activity,  and 
are  sensitive  to  castration  and  chemodrugs  [2,  3]  (Figure 
8D,  a).  Therefore,  the  MDR  phenotype  of  our  long-term 
LNCaP-CRPC  cells  may  be  self-evidently  explained  by 
that  fact  that  they  are  homogeneously  enriched  PSA_/1° 
cells.  The  LNCaP-CRPC  cells  have  also  acquired  some 
phenotypic  CSC  markers  including  CD44,  a2|31,  and 
ABCG2,  all  of  which  have  been  shown  by  us  to  enrich  for 
tumor-initiating  and  tumor-propagating  cells  in  different 
PCa  models  [2,  3,  28-30].  Upregulation  of  ABCG2  may 
contribute  to  the  MDR  properties  of  the  LNCaP-CRPC 
cells  via  mediating  the  efflux  of  the  drug  MDV3100  or 
bicalutamide.  Of  note,  our  LNCaP-CRPC  cells  have  not 
undergone  EMT,  which  has  been  linked  to  castration 
resistance  [31-33],  or  neuroendocrine  differentiation 
(Rycaj  et  al.,  unpublished  observations).  Also,  as  the 
LNCaP-CRPC  cells  lose  AR,  AR  mutations  (e.g.,  21) 
unlikely  represent  a  major  mechanism  mediating  their 
resistance  to  further  castration  and  other  treatments. 


Are  LNCaP-CRPC  cells  susceptible  to  any  other 
chemical  inhibitors  or  therapeutics?  A  targeted  library 
screening  reveals  that  they  are  sensitive  to  ABT-199 
and  AEW541,  thus  implicating  BCL2  and  IGF-1R  as 
critical  survival  factors  for  the  LNCaP-CRPC  cells. 
These  observations  are  fully  consistent  with  our  earlier 
comparative  cDNA  microarray  analysis  showing  the 
preferential  expression  of  both  molecules  in  the  PSA" 
lo  PCa  cells  [2].  A  medium-throughput  screening  against 
a  collection  of  ~750  inhibitors  of  >140  human  kinases 
reveals  the  importance  of  another  critical  cell  survival 
signaling  pathway,  i.e.,  PI3K/AKT,  in  maintaining  the 
survival  of  LNCaP-CRPC  cells.  These  results  make  sense 
because  one  of  the  earliest  responses  we  have  observed 
in  LNCaP  cells  exposed  to  castration  is  cell  death  (Figure 
1H;  Figure  4).  ~3  weeks  after  MDV3 100  treatment,  AKT 
is  activated  (Figure  8A),  presumably  to  extend  the  survival 
of  the  treated  cells.  The  kinase  inhibitor  screening  also 
identifies  partial  inhibitory  effects  of  a  CDK4  inhibitor 
on  the  LNCaP-CRPC  cells,  indicating  that  these  cells  rely 
on  the  CDK4/D1  signaling  for  their  proliferation.  Finally, 
the  kinase  inhibitor  library  screening  implicates  several 
other  kinases,  including  PDGFR[L  GSK-3,  IKK,  Syk, 
and  TGFb/Smad,  in  the  survival  and/or  proliferation  of 
LNCaP-CRPC  cells.  All  of  these  signaling  pathways  have 
been  implicated,  to  some  degrees,  in  PCa  cell  survival 
and  therapy  resistance  [42-48].  The  results  with  the  Syk 
inhibitor  were  of  particular  interest  as  this  tyrosine  kinase 
was  recently  shown  to  regulate  the  invasive  and  metastatic 
properties  of  PCa  cells  via  positively  modulating  integrin 
a2|3  I  and  CD44  expression  [42],  the  two  molecules  also 
upregulated  in  our  LNCaP-CRPC  cells.  Taken  together, 
the  chemical  library  screenings  demonstrate  that  the 
long-term  LNCaP-CRPC  cells  have  developed  prominent 
resistance  to  further  castrations  and  chemotherapeutic 
drugs  but  remain  sensitive,  at  least  partially,  to  inhibitors 
of  BCL-2  and  several  protein  kinases  including  IGF-1R, 
PI3K/AKT,  CDK4/D1,  PDGFR[3,  GSK-3,  IKK,  Syk,  and 
TGF-b/Smad.  It  should  be  noted  that  LNCaP  cells  have 
been  shown  to  be  insensitive  to  TGFp  stimulation  due  to 
genetic  changes  in  TGFB  type  I  receptor  [49];  therefore, 
the  inhibitory  effects  of  TGFb  inhibitors  could  be  mediated 
in  both  TGFb-dependent  and  independent  mechanisms. 

Our  long-term  LNCaP-CRPC  cells,  despite  being 
phenotypically  PSA  /In,  behave  apparently  differently 
from  the  small  subpopulation  of  PSA~/l0  LNCaP  cells 
that  pre-exist  in  untreated  bulk  cultures  in  that  they 
proliferate  nearly  as  rapidly  as  the  untreated  bulk 
PSA+  cells  (Figure  8D,  c)  whereas  the  preexistent 
subpopulation  of  PSA_/1°  LNCaP  cells  are  largely 
quiescent  [2,  3].  Persistent  castration  may  likely 
engage/activate  significant  epigenetic  mechanisms. 
This  possibility  is  strongly  supported  by  the  striking 
observations  that  AR,  PSA,  AKT,  and  mTOR/p-mTOR 
proteins  all  undergo  cyclic  changes  in  long-term 
MDV3100-treated  LNCaP  cells.  In  further  support, 
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we  have  also  observed  cyclic  changes  in  several 
epigenetic  regulatory  histone  marks,  in  particular,  the 
H3K27me3  mark.  Moreover,  we  could  restore  AR 
protein  expression  in  AR7PSA  LNCaP-MDV  cells  by 
simply  reverting  the  cells  back  to  their  normal  culture 
medium.  Although  the  precise  epigenetic  mechanisms 
underlying  the  cyclic  changes  in  AR  and  other  proteins 
remain  to  be  determined,  such  mechanisms  may 
likely  have  contributed  to  seemingly  quite  different 
castration-resistant  LNCaP  sublines  and  clones  reported 
by  different  groups,  with  some  showing  upregulated 
AR  [e.g.,  9,  13,  14,  16]  whereas  others  lacking  AR/ 
PSA  expression  [e.g.,  10-12,  15,  17-19;  this  study] 
(Figure  8D,  c).  This  latter  point  can  be  clearly  seen  in 
the  side-by-side  comparison  of  our  LNCaP-CRPC  vs. 
LNCaP-abl  cells  -  the  AR  PSA-  LNCaP-CRPC  and 
AR+  PSA-  LNCaP  abl  cells  display  many  differences 
in  their  responses  to  various  targeted  therapeutics 
(Figure  5).  This  is  interesting  as  both  LNCaP-CDSS 
cells  and  LNCaP-abl  cells  are  derived  by  long-term 
exposing  the  parental  LNCaP  cells  to  CDSS  (9;  this 
study).  It  is  unclear  why  different  groups  generate 
LNCaP  (clonal  or  bulk)  sublines  that  are  quite  different 
with  respect  to  AR/PSA  expression  when  using 
similar  castration  protocols.  Recent  deep  sequencing 
data  suggest  that,  surprisingly,  LNCaP  cells  are 
‘hypermutable’  and  individual  LNCaP  cells  manifest 
great  differences  in  their  exomic  sequences  [50,  51]. 

The  present  study  demonstrates  that  chemical 
castration  including  MDV3100  treatment  elicits  not  only 
changes  in  the  AR  signaling  pathway  but  also  multiple 
other  molecular  changes  as  well  as  epigenetic  alterations, 
which  together  reprogram  androgen-responsive  LNCaP 
cells  to  castration-  and  multidrug-resistant  PSA-/1°  cells. 
The  availability  of  large  numbers  of  PSA -/1°  cells  should 
pave  the  way  for  future  high  throughput  screening  efforts 
to  identify  novel  therapeutics  that  specifically  target  this 
population. 

MATERIALS  AND  METHODS 

Cells,  antibodies,  and  compounds 

LNCaP  and  VCaP  cells  were  obtained  from  ATCC 
and  293FT  packaging  cells  from  Invitrogen  (Carlsbad, 
CA)  and  cultured  per  manufacturers’  instructions. 
LNCaP-Abl  cells  [9]  were  a  gift  from  Dr.  Helmut  Klocker 
(University  of  Innsbruck,  Innsbruck,  Austria)  and  cultured 
in  RPMI-1640  supplemented  with  10%  (v/v)  charcoal 
dextran-stripped  serum  (CDSS),  0.1  pM  sodium  pyruvate, 
1%  GlutaMAX,  and  antibiotics  at  37°C  in  5%  COr  The 
identity  of  all  4  cell  types  was  authenticated  once  every 
year  at  the  MDACC  Cell  Line  Authentication  Service  Core 
using  the  STR  (Short  Tandem  Repeat)  method.  Antibodies 
used  in  this  study  were  presented  in  Supplementary 
Table  SI.  The  candidate  library  inhibitors  and  MDV3100 
(5  month)  hit  compounds  are  presented  in  Supplementary 


Table  S2.  A  full  list  of  the  library  of  kinase  inhibitors  is 
shown  in  Supplementary  Table  S3  and  the  secondary  hit 
compounds  are  presented  in  Table  1 . 

Generation  of  LNCaP-CRPC  cell  lines 

LNCaP  cells  freshly  infected  with  PSAP-GFP 
or  the  PSAP-GFP/DsRed  lentiviral  constructs  were 
plated  in  complete  RPMI  media  and  allowed  to  recover 
for  48  h  under  normal  culture  conditions.  Cells  were 
then  switched  to  phenol  red-free  RPMI  containing 
10%  CDSS,  10%  CDSS  plus  bicalutamide  (10  pM) 
(CDSS+Bic),  or  MDV3100  (10  pM).  Cells  were  treated 
continuously  for  up  to  ~2  years  with  drugs  replenished 
every  48  h  and  intermittently  used  in  various  assays 
described  in  the  text.  The  resultant  long-term  castration- 
resistant  LNCaP  sublines  were  designated  LNCaP- 
CRPC.  Age-matched  and  untreated  LNCaP -GFP  cells 
(i.e.,  LNCaP  cells  infected  with  the  PSAP-GFP  vector) 
were  used  as  controls. 

Lentiviral  infection  of  PCa  cells 

Basic  lentiviral  procedures  were  previously 
described  [2]  and  the  key  vectors  used  in  the  present 
study  are  presented  in  Figure  1A  and  Supplementary 
Figure  SI  A.  Lentivirus  was  produced  in  293FT  packaging 
cells  and  titers  were  determined  using  GFP  positivity  in 
HT1080  cells.  LNCaP  cells  were  infected,  generally,  at  a 
multiplicity  of  infection  (MOI)  of  25. 

Cell  survival,  apoptosis,  and  cell  cycle  analysis 

To  determine  total  live  cell  numbers,  5xl03  LNCaP 
and  LNCaP-CRPC  cells  were  plated  in  triplicate  or 
quadruplicate  in  12-well  plates  and  cultured  for  10  days, 
with  fresh  medium  fed  every  3  days.  At  the  end,  viable 
cell  numbers  were  counted  using  trypan  blue  exclusion 
assays.  To  determine  the  effect  of  MDV3100  on  LNCaP 
parental  cells,  we  performed  FACS  analysis  using  the 
Vybrant  Apoptosis  Kit  (#V23200;  Molecular  Probes, 
Invitrogen)  according  to  the  manufacturer’s  instructions. 
Briefly,  LNCaP  cells  infected  with  the  PSAP-GFP  reporter 
construct  were  treated  with  MDV3100  (10  pM)  every  48  h 
for  4  weeks.  At  the  end,  cells  were  harvested  and  stained 
with  Biotin-X  annexin  V  followed  by  Alexa  Fluor  504 
streptavidin.  Finally,  cells  were  stained  with  propidium 
iodide  (PI)  and  analyzed  by  flow  cytometry  using  a  FACS 
Aria  II  (BD  Biosciences).  For  cell  cycle  (DNA  content) 
analysis,  5xl05  cells  were  plated  in  a  6  well  plate  and 
allowed  to  grow  for  24  h.  Cells  were  harvested,  washed, 
and  resuspended  in  1.5  ml  of  lx  phosphate  buffered  saline 
(PBS)  until  all  cells  were  in  suspension.  Next,  3.5  ml  of 
200  proof  ethanol  was  added  drop-wise  to  the  suspension 
while  vortexing.  After  storing  cells  at  4°C  for  12  h,  cells 
were  washed  with  lxPBS  and  resuspended  in  PPR  solution 
(lxPBS,  10  pg/ml  PI,  20  pg/ml  RNAse  A,  0.5%  Tween 
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20,  and  0.5%  BSA),  and  analyzed  by  flow  cytometry  on  a 
FACS  Aria  II  flow  cytometer. 

Immunofluorescence  (IF)  microscopy 

Briefly,  cells  were  plated  on  glass  coverslips 
overnight.  Cells  were  fixed  in  4%  paraformaldehyde  (PFA) 
for  10  minutes  and  then  washed  three  times  with  lxPBS. 
To  block  and  permeabilize,  cells  were  incubated  for  60 
min  at  room  temperature  in  a  10%  goat  serum  and  0.5% 
Triton  solution  for  AR  staining  and  a  10%  goat  serum  and 
0.3%  Triton  solution  for  PSA  staining.  After  washing  once, 
cells  were  then  incubated  with  antibodies  against  AR  or 
PSA  plus  10%  goat  serum  and  0.05%  Triton  for  60  min  at 
room  temperature.  Following  thorough  washing  (3X)  with 
lxPBS,  the  coverslips  were  incubated  for  60  min  at  room 
temperature  with  AlexaFluor  594- conjugated  goat  anti¬ 
rabbit  or  anti-mouse  IgG  secondary  antibody  (Invitrogen) 
(1:500)  plus  10%  goat  serum  and  0.05%  Triton.  After 
washing  once,  cells  were  stained  with  4,6-diamidino-2- 
phenylindole  (DAPI,  D9452;  Sigma)  (1:500)  for  10  min 
at  room  temperature  and  slides  mounted  with  ProLong® 
Gold  anti-fade  reagent  (#P36931  Invitrogen).  Images 
were  taken  using  a  Nikon  Eclipse  E800  Fluorescence 
Microscope. 

Quantitative  RT-PCR  (qRT-PCR),  Western 
blotting  (WB),  and  fluorescence-activated  cell 
sorting  (FACS) 

qRT-PCR  was  performed  using  an  ABI  Prism 
7900HT  and  the  TaqMan  system  (Applied  Biosystems). 
The  primers,  probes,  and  assay  conditions  for  other 
molecules  were  designed  by  ABI  with  the  following 
information:  PSA  (Hs03063374_ml;  assay  number), 
AR  (Hs00907244_ml),  b-actin  (Hs99999903_ml),  and 
GAPDH  (43263 17E).  For  data  analysis,  raw  counts 
were  normalized  to  the  housekeeping  gene  averaged 
for  the  same  time  point  and  condition  (ACt).  Counts  are 
reported  as  fold  change  relative  to  the  untreated  control 
(2-AACt).  For  WB,  cells  were  lysed  in  R1PA  buffer 
(25  pM  Tris-HCl  (pH  7.6),  150  pM  NaCl,  1%  NP-40,  1% 
sodium  deoxycholate,  0.1%  SDS)  supplemented  with  1% 
proteinase  inhibitors  (#P2850;  Sigma).  Protein  lysates 
were  resolved  by  SDS-PAGE  electrophoresis,  transferred 
to  Whatman  Western  polyvinylidenedifluoride  (PVDF) 
membrane  (#Z671088;  Sigma),  immunoblotted  with 
primary  antibodies  (Supplementary  Table  SI)  followed 
by  appropriate  secondary  antibody  and  visualized  using 
the  ECL  Plus  Western  Blotting  Detection  Kit  (#RPN2132; 
GE  Healthcare).  For  FACS,  cells  were  dissociated  into 
single-cell  suspension  using  trypsin/EDTA  and  measured 
for  GFP+  percentages.  In  some  experiments,  we  stained  the 
parent  LNCaP  and  the  LNCaP-CRPC  cells  with  antibodies 
to  a2pi,  CD44,  and  ABCG2  (1  mg/lxlO6  cells)  for  30  min 
on  ice  followed  by  washing  and  subsequent  staining  with 


APC-conj ugated  goat  anti-mouse  IgG  (1:500)  for  15  min 
on  ice.  Cells  were  then  washed  3  times  and  analyzed  by  a 
BD  Fortessa  Cell  Analyzer. 

AEW541  experiments 

Several  sets  of  experiments  were  conducted  with  the 
AEW541  compound,  which  specifically  inhibits  the  IGF- 
1R  (IC50=150  nM).  In  one  set,  PSA  and  PSA+  LNCaP 
cells  were  sorted  and  plated  into  96-well  plates  at  2,000 
cells/well  in  100-pL  medium.  12  h  later,  initial  cell  number 
was  assessed  by  WST-1  (Roche).  Briefly,  10  pi  of  WST-1 
reagent  was  added  into  each  well  and  plates  were  further 
incubated  up  to  4  h  at  37  °C.  Absorbance  was  measured  at 
450  nm  using  a  plate  reader.  Cells  in  the  rest  of  the  wells 
were  treated  with  DMSO  (vehicle  control)  or  AEW541 
(10  pM)  and  cell  number  was  measured  by  WST-1  at  the 
indicated  time  points. 

In  another  set  of  experiments,  purified  PSA+  and 
PSA  LNCaP  cells  were  resuspended  in  DMEM/F12 
supplemented  with  B27  (17504-044,  Life  Science)  and 
N2  (17502-048,  Life  Science)  and  mixed  (9:4)  thoroughly 
with  methylcellulose  (04100,  Stem  Cell  Technology), 
and  then  added  DMSO  (ctrl)  or  10  pM  AEW541,  and 
plated  in  24-well  ULA  plates  at  2,000  cells/wells.  Spheres 
number  and  size  were  counted  in  ~2  weeks.  To  test  the 
combinatorial  effects  of  MDV3100  and  AEW541,  bulk 
LNCaP  or  VCaP  cells  were  seeded  in  96-well  plate  at 
2,000  cells/well  in  100  pi  of  culture  medium  12  h  before 
treatments.  Then  CDSS+MDV3100  (20  pM)  and  AEW541 
(10  pM)  were  added,  individually  or  in  combination. 
After  0  (control  time  point),  2,  4,  6,  8,  10  and  12  days 
of  treatment,  cell  number  were  assessed  using  WST-1. 
Finally,  we  analyzed  apoptosis  in  cells  treated  with 
AEW541.  PC3,  Dul45,  VCaP  or  LNCaP  cells  infected 
with  the  PSAP-GFP  reporter  construct  were  plated  in 
6-well  plate  at  200,000  cells  per  plate.  Cells  were  treated 
with  DMSO  (vehicle  control)  or  AEW541  (10  pM). 
Treated  cells  and  controls  were  stained  using  the  Vybrant 
Apoptosis  Kit  (catalog  #V23200;  Life  Science)  and 
analyzed  by  FACS  24h  after  the  treatments  to  assess  cell 
apoptosis  and  death  in  the  PSA_/I°  and  PSA+  populations. 

Time  lapse  microscopy 

LNCaP  cells  freshly  infected  with  the  PSAP-GFP 
reporter  construct  or,  alternatively,  infected  LNCaP  cells 
treated  with  MDV3 100  (10  pM)  acutely  or  chronically  for 
5  months,  were  plated  on  glass-bottom  dishes  (Grenier  Bio- 
One),  placed  on  the  incubator  stage  of  Nikon  Biostation 
Timelapse  system,  and  maintained  at  37°C,  5%  C02  and 
>  95%  humidity  in  RPMI  medium  supplemented  with 
10%  FBS,  1  %  Pen/Strep,  and  MDV3100  (10  pM).  Phase 
and  GFP  images  were  collected  continuously  with  a  20X 
objective  lens  at  a  1-h  interval  for  ~1  week.  Data  analysis 
was  performed  using  Nikon  NIS-Elements  software. 
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Candidate  library  drug  screening 

To  determine  the  sensitivity  of  our  LNCaP-CRPC 
cells  to  castration  and  other  therapeutics,  we  performed 
a  “candidate”  library  drug  screen  in  parental  LNCaP 
cells  infected  with  PSAP-GFP,  the  three  LNCaP-CRPC 
sublines  at  two  time  points  (i.e.,  5  and  10.5  months), 
and,  for  comparison,  LNCaP-abl  cells.  The  candidate 
library  contained  15  drugs  and/or  compounds  (see  Text 
and  Supplementary  Table  S2).  Length  of  incubation  time 
and  number  of  cells  plated  were  optimized  to  achieve 
the  most  accurate,  reproducible  response  of  cells  to  the 
AlamarBlue  assay  (Life  Technologies).  Briefly,  cells  were 
plated  in  96-well  black  clear  bottom  plates  (BD  Falcon) 
at  7xl03  cells/well  and  allowed  to  recover  for  48  h  before 
commencement  of  drug  treatments.  Candidate  library 
compounds  were  diluted  via  manufacturer’s  instructions 
and  added  to  plates  at  three  concentrations  based  on  IC50 
values.  Cells  were  treated  with  DMSO  (vehicle  control)  or 
compounds  for  72  h,  after  which  AlamarBlue  reagent  was 
added  in  an  amount  equal  to  10%  of  the  volume  in  the  well 
(20  pi).  Cultures  were  incubated  for  4  h.  The  cytotoxicity 
was  measured  using  spectrophotometry  of  fluorescence 
(excitation  560  nm,  emission  590  nm)  using  a  BioTek 
Synergy  2  plate  reader  (BioTek).  Percent  difference  in 
reduction  between  treated  and  control  cells  was  calculated 
using  the  following  formula:  [FI  590  of  test  agent/  FI  590 
of  untreated  control]  x  100. 


same  amount  of  DMSO  (final  concentration  at  0.1%, 
v/w)  without  compounds  was  added.  Column  12  was 
reserved  for  a  negative  control  (100%  activity)  and 
prepared  right  after  compound  addition  by  aspirating  44 
pL  of  medium,  followed  by  dispensing  44  pL  of  Triton 
X-100  (detergent).  Assay  plates  were  incubated  at  37°C 
for  72  h,  after  which  cell  viability  was  determined  by 
adding  10  pL  of  lOx  AlamarBlue  dye  to  assay  plates 
using  a  MicroFlo  Select  bulk  dispenser  (BioTek).  After 
incubating  at  37°C  for  4  h,  both  absorbance  (570  nm) 
and  fluorescence  intensity  (Ex/Em  =  530/590  nm)  were 
simultaneously  measured  in  a  Synergy  H4  plate-reader 
(BioTek).  The  z  factor  calculated  according  to  the 
equation  1  was  over  0.9,  demonstrating  its  robustness 
for  compound  screening.  A  total  of  752  compounds  were 
tested  in  triplicate.  To  normalize  cell  number  variation 
between  wells  of  assay  plates,  total  fluorescence  intensity 
of  each  well  was  divided  by  corresponding  absorbance 
and  this  normalized  fluorescence  intensity  was  used  to 
calculate  inhibitory  activity  (equation  2).  Compounds 
showing  over  40%  activity  were  identified  as  hits  and 
further  validated  in  multiple  doses  using  the  same  assay. 
For  data  analysis,  z  factor  was  calculated  using  equation 
(1).  Percent  inhibition  for  the  fluorescence  signal  was 
calculated  using  equation  (2). 


(1)  z  =  1  —  3 


^SD  +SD  X 

P | 


Kinase  Inhibitor  library  screening 

We  also  screened  the  parental  LNCaP -GFP  and 
the  LNCaP-CRPC  cells  against  a  collection  of  752 
inhibitors  of  >140  human  kinases  (Supplementary 
Table  S3).  Compound  screening  was  performed  at 
the  TTDDD  core  facility  (Targeted  Therapeutic  Drug 
Discovery  Core)  located  at  University  of  Texas-Austin 
using  its  custom  selected  kinase-focused  collection. 
All  liquid  handling  steps  excluding  AlamarBlue  dye 
dispensing  were  performed  using  JANUS  automated 
workstation  (Perkin  Elmer).  LNCaP-CRPC  cells  were 
trypsinized  and  re-suspended  in  RPMI  medium.  The 
general  screening  protocol  is  as  follows.  Eighty  eight  pL 
of  cells  were  plated  into  96  well  flat  clear-bottom  black 
plates  (BD  Falcon)  at  7xl03  cells/well  and  incubated 
overnight  at  37°C  in  a  humidified  atmosphere  of  5% 
CO,.  Compound  dilution  was  first  prepared  in  separate 
96  well  plates  by  diluting  1.8  mL  of  compounds  stock 
solutions  dissolved  in  100  %  DMSO  (columns  2-11)  or 
DMSO  only  (column  1)  into  19  mL  of  water  to  achieve 
a  final  concentration  of  compound  at  500  pM.  1.8  pL  of 
diluted  compounds  and  pure  DMSO  were  added  through 
columns  2-11  and  column  1,  respectively,  into  the  assay 
plates.  The  final  concentrations  of  compound  and  DMSO 
were  10  pM  and  0.1%,  respectively.  Column  1  was 
used  for  a  positive  control  (i.e.,  0%  activity)  where  the 


(2)  %/  =  100  — p- - > 

F  -F 
V  p  ») 

The  abbreviation  are  as  follows:  z,  z  factor; 
SDp  =  standard  deviation  of  the  signal  for  positive  control; 
SD  =  standard  deviation  of  the  signal  for  negative  control; 
%I,  inhibition  (in  percent);  Fp,  fluorescence  intensity  for 
positive  control;  FN,  fluorescence  intensity  for  negative 
control;  F.,  fluorescence  intensity  in  the  presence  of 
compound. 
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SUPPLEMENTARY  FIGURES  AND  TABLES 


Supplementary  Figure  SI:  Establishment  of  LNCaP-CRPC  cells  using  the  PSAP-GFP/DsRed  system.  A.  The  modified 
vector  in  which  the  Pcmv-DsRed  cassette  was  incorporated.  B.  Timeline  for  this  experiment.  FACS,  fluorescence-activated  cell  sorting; 
IF,  immunofluorescence.  C.  Representative  images  of  untreated  (no  Tx)  LNCaP-GFP,  CDSS,  CDSS+Bicalutamide,  and  MDV3100 
LNCaP-CRPC  cells  treated  for  the  indicated  intervals  of  time  (original  magnifications:  100X).  Note  relatively  constant  RFP+  cells  but 
time-dependent  decrease  in  GFP*  cells  in  all  three  castration  conditions.  D.  Quantification  of  GFP+  percentages  in  long-term  treated 
LNCaP-CRPC  cells.  E.  Immunoblotting  of  AR,  PSA,  and  GAPDH  protein  expression  in  LNCaP-CRPC  cells  treated  for  1,  2,  3,  8,  11 
weeks  in  all  three  conditions. 


LNCaP-CRPC  (5  mo.)  Parental 

MDV3100  CDSS  +  Bica~  CDSS  2nd  Ab  only  LNCaP 
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Supplementary  Figure  S2:  Lack  of  AR  and  PSA  protein  expression  in  5-month  LNCaP-CRPC  cells.  Parental  LNCaP-GFP 
or  5-month  (5  mo.)  LNCaP-CRPC  cells  were  immunostained  for  AR  A.  and  PSA  B.  (both  at  1:10  dilution;  see  Supplementary  Table  SI  for 
Ab  information).  AR_,I°  (A)  and  PSA~/|0  (B)  cells  were  marked  by  white  dashed  circles.  Original  magnifications:  400X. 
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Supplementary  Figure  S3:  Changes  in  CSC  markers  in  LNCaP-CRPC  cells.  FACS  analysis  of  CD44,  a2(31,  and  ABCG2  cell 
surface  expression.  Shown  above  are  representative  histogram  plots  in  3  LNCaP-CRPC  cells  treated  for  5  (blue)  or  12  (red)  months  and 
stained  for  the  Abs  indicated.  An  isotype  Ab  was  used  as  a  control  (solid  black).  The  mean  percentages  of  marker-positive  cells  are  shown 
in  the  table  below.  C+Bic,  LNCaP  cells  treated  with  CDSS+Bicalutamide;  MDV,  LNCaP  cells  chronically  treated  with  MDV3100. 
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Supplementary  Figure  S4:  Drug  sensitivities  in  10.5-mo  LNCaP-CRPC  cells.  Presented  is  the  relative  cell  survival  (%),  as 
determined  by  AlmarBlue  assay,  in  LNCaP-GFP  (LNCaP;  10.5-mo)  and  3  types  of  LNCaP-CRPC  (10.5-mo)  cells  when  exposed  to  15 
compounds  in  the  candidate  library  for  72  h.  See  text  for  more  details. 
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Supplementary  Figure  S5:  Kinase  inhibitor  library  and  drug  screen  workflow.  A.  Pie  chart  presentation  of  the  TTDDD 

kinase  inhibitor  set  composed  of  752  compounds  that  target  >140  human  kinases  (see  Methods).  Kinases  were  grouped  into  major  signaling 
pathways.  Kinases  targeting  multiple  signaling  pathways  were  labeled  as  “Multikinase”.  Signaling  pathways  with  <10  inhibitors  were 
listed  under  “Miscellaneous”.  B.  Drug  screen  workflow  and  critical  drug  screen  parameters  (also  see  Methods).  C.  Schematic  depicting  the 
primary  and  secondary  screens  and  final  validation  in  parental  LNCaP-GFP,  5-mo.  LNCaP-MDV  and  16-mo.  LNCaP-MDV  cells.  Total 
compound  hits  for  each  cell  type  in  each  screen  are  shown. 
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Supplementary  Figure  S6:  Transient  activation  of  AKT  and  evidence  for  epigenetic  mechanisms  during  MDV3100 
treatment.  A.  Early  activation  of  AKT  during  MDV3100  treatment.  The  AKT  and  p-AKT  (Tyrl086;  Supplementary  Table  Si)  levels 
detected  on  Western  blotting  during  MDV3100  treatment  forup  to  7  months  (Figure  7A;  the  first  5  lanes)  were  measured  by  densitometric 
scanning  of  the  bands  and  then  normalized  to  the  respective  GAPDH  levels.  AKT  activation  was  then  presented  as  the  relative  values  of 
normalized  p-AKT/AKT  values.  B.  LNCaP-GFP  (LNCaP)  or  LNCaP-MDV  cells  at  different  treatment  time  points  (see  Figure  7A)  were 
used  in  Western  blotting  analysis  of  4  histone  3  (H3)  modification  marks.  Note  recurrent  and  cyclic  changes  in  H3K27me3.  C.  Reversion 
experiments.  The  14-mo  LNCaP-MDV  cells,  which  were  AR-negative,  were  put  back  to  normal  culture  medium  containing  RPMI-7% 
FBS  for  1-8  months.  The  lysates  were  then  used  in  Western  blot  analysis  for  AR  and  PSA.  Parental  LNCaP-GFP  (lane  1)  cells  were  used 
as  control. 
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Supplementary  Table  SI:  Antibodies  used  in  the  current  study 


Antibody 

Source 

Catalog  # 

Company 

Remarks 

cx2pi 

Mouse 

MAB2141Z 

EMD  Millipore 

Clone  BMA2.1 

P-actin 

Mouse 

69100 

MP  Biochemicals 

Clone  C4 

ABCG2 

Rabbit 

AV43649 

Sigma 

(C67E7) 

ACPP 

Rabbit 

15840-1-AP 

Proteintech 

Clone  441 

AKT 

Rabbit 

4691 

Cell  Signaling 

Clone  7 

AR 

Mouse 

sc-7305 

Santa  Cruz 

(D9G3E) 

AR-V7 

Mouse 

AG10008 

Precision  Antibody 

Clone  FI- 108 

BCL-2 

Mouse 

610538 

BD  Transduction  Labs 

(D38B1) 

CD44 

Rabbit 

ab51037 

Abeam 

Clone  FL-335 

CDK4 

Rabbit 

12790 

Cell  Signaling 

(7C10) 

E-cadherin 

Rabbit 

sc-7870 

Santa  Cruz 

Clone  32/N 

EGFR 

Rabbit 

4267 

Cell  Signaling 

(Y92) 

FKBP5 

Rabbit 

8245 

Cell  Signaling 

(Ser473)  (D9E) 

GAPDH 

Rabbit 

sc-25778 

Santa  Cruz 

(Tyrl086) 

H3 

Rabbit 

39163 

Active  Motif 

(Ser2448)  (D9C2) 

H3  (K27acetyl) 

Rabbit 

ab4729 

Abeam 

(Tyr751)  (88H8) 

H3  (K27me3) 

Rabbit 

ab8895 

Abeam 

(Ser240/244) 

H3  (K4me3) 

Rabbit 

07-473 

Millipore 

(D68F8) 

H3  (K4mel) 

Rabbit 

07-436 

Millipore 

Clone  C-19 

IGF-IRp 

Rabbit 

3027 

Cell  Signaling 

Clone  C-20 

mTOR 

Rabbit 

2983 

Cell  Signaling 

(54D2) 

N-cadherin 

Mouse 

610921 

BD  Transduction  Labs 

Clone  S-20 

PDGFP 

Rabbit 

ab32570 

Abeam 

Clone  BMA2.1 

phospho-AKT 

Rabbit 

4060 

Cell  Signaling 

Clone  C4 

phospho-EGFR 

Rabbit 

2220 

Cell  Signaling 

(C67E7) 

phospho-mTOR 

Mouse 

5536 

Cell  Signaling 

Clone  441 

phospho-PDGFp 

Rabbit 

3166 

Cell  Signaling 

Clone  7 

phospho-S6 

Rabbit 

5364 

Cell  Signaling 

(D9G3E) 

PSA 

Goat 

sc-7638 

Santa  Cruz 

Clone  FI- 108 

PSMA 

Mouse 

DM1037 

Acris  Antibodies 

(D38B1) 

SOX-9 

Goat 

sc  17341 

Santa  Cruz 

Clone  FL-335 

S6 

Mouse 

2317 

Cell  Signaling 

(7C10) 

Vimentin 

Goat 

sc-7558 

Santa  Cruz 

Clone  32/N 
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Supplementary  Table  S2:  Candidate  library  inhibitors  (top)  and  LNCaP-MDV  (5  months)  (bottom)  hit  compounds 


Inhibitor 

Target 

IC50 

Supp  Ref 

MDV3100 

AR 

36  nM  (LNCaP) 

Bicalutamide 

AR 

0. 16  pM  (LNCaP) 

Docetaxel 

Depolymerisation  of  microtubules 

0.3  nM  (HeLa  cells) 

Etoposide 

DNA  synthesis  via  topoisomerase  II 

5.7  nM  (HeLa  cells) 

Avicin 

Dephosphorylates  Stat  3 

0.3  pM  (Jurkat) 

1 

Oxetane 

Dephosphorylates  Stat  3 

0.04  pM  (Jurkat) 

GRN163L  (Imetelstat) 

Telomerase 

0.1  to  1  pmol/L  (CSCs  in  PANC1, 
MDA-MB231,  MCF7) 

2 

Metfonnin 

AMP-activated  protein  kinase  activator 

ABT-199 

BCL-2 

<0.01  nM  (Ki)  (RS4;11) 

3 

5-Aza2’- 

Deoxycytidine 

DNA  methyltransferase 

5.600  pM  (PC3);  2.822  pM  (DU145) 

4 

Trichostatin  A 

HDAC 

~1.8  nM  (breast  cancer  cell  lines) 

XAV-939 

Wnt/p-catenin-mediated  transcription  via 
TNKS1/2  inhibition 

11  nM/4  nM  (TNKS1/2)  (WTK1) 

5 

SB431542 

TGFpRl,  activin  receptor-like  kinase 
ALK5,  4  and  7 

94  nM  (ALK5)  (A498) 

6 

0.02,  0.03,  0.51  and  >  100  pM  for 

SU  5402 

VEGFR  and  FGFR 

VEGFR2,  FGFR1,  PDGFRp,  EGFR 
(N1H  3T3) 

7 

AEW541 

IGF-lR/InsR 

150  nM/140  nM 

8 

NVP-BGT226 

PI3K/mTOR  inhibitor  for  PDKa/p/y 

4  nM,  63  nM,  38  nM 

y 

EMD  124011 

Akt  Inhibitor  IV 

<  1.25  pM  (786-0) 

EMD  341251 

Cdk4/Dl 

0.35  pM  (L-1210) 

EMD  572660 

Tyrosine  kinase  receptor  and 

3,  27,  170,  -10-500  nM  for  PDGFRp, 

angiogenic  inhibitor 

VEGFR2,  FGFR1,  Kit  family 

Tocris  2471 

Syk 

10  pM  (RBL-2H3) 

CCT 137690 

Aurora  Kinase  A,  B,  C 

15  nM,  25  nM  and  19  nM  (range  of 
cancer  cell  lines) 

10 

Tocris  2539 

IKK 

40,  70  and  200  nM  (IKKp,  IKK 
complex  and  IKKa) 

li 

LDN193 189 

BMP  type  I  receptors  ALK2  and  ALK3 

5  nM  and  30  nM 

EMD  361550 

GSK-3a/p  Inhibitor  IX 

5  nM 

EMD  238811 

Cdk9  Inhibitor  II 

350  nM 
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